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foreword 


This quarterly review of reactor development has been prepared at the request 
of the Division of Information Services of the U. S. Atomic Energy Commission. 
Its purpose is to assist interested organizations in the task of keeping abreast 
of new results in reactor technology for civilian application. 

The report is a concise discussion of selected phases of research and de- 
velopment for which there have been significant advances or a heightened inter- 
est in the past few months. It is not meant to be a comprehensive abstract of 
all material publishec during the quarter, nor is it meant to be a treatise on any 
part of the subject. The intention is to cover the various areas of reactor de- 
velopment from the general viewpoint of the reactor designer rather than from 
the more detailed points of view of specialists in the individual areas. How- 
ever, papers that are thought to be of particular significance or particular 
usefulness in specialized fields will be mentioned in short notes. In the over- 
all plan of the report, it is intended that various subjects will be treated from 
time to time and will be brought up to date at that time. 

Any interpretation of results which is given represents only the opinion of the 
editors of the report, who are General Nuclear Engineering Corporation person- 
nel. Readers are urged to consult the original references in order to obtain 
all the background of the work reported and to obtain the interpretation of the 
results given by the original authors. 


W. H. ZINN 
General Nuclear Engineering Corporation 
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ECONOMIC ANALYSES: LARGE POWER REACTOR STUDIES 





The AEC was authorized by Public Law 85-590 
(Sec. 101) to perform a series of design and 
engineering studies of a heavy-water-moderated 
power reactor, two other large-scale power 
reactors, and an intermediate size prototype 
power reactor. The heavy-water studies were 
carried out by Sargent & Lundy, assisted by 
Nuclear Development Corp. of America. The 
other authorized studies covered pressurized- 
water reactors (Stone & Webster Engineering 
Corp., assisted by Combustion Engineering, 
Inc.); boiling-water reactors (Ebasco Services, 
Inc., assisted by the General Electric Company); 
and organic-cooled reactors (Bechtel Corp., 
assisted by Atomics International). The re- 
ports of these studies are listed as references 
1 through 4; the AEC report summarizing and 
evaluating the studies is listed as reference 5. 

All the studies were specified to apply to 
reactors for which construction could be started 
in July 1960, and for which any research and 
development required would be consistent with 
such a starting date. Nevertheless, the amount 
of research and development visualized in the 
several studies varied over arather wide range. 
As an additional specification, the heavy-water- 
moderated reactors were required to operate 
on natural uranium, although it was stated that 
they could be optimized for enriched fuel pro- 
vided the capability for operation on natural 
uranium was preserved. All the studies were 
to consider a reactor of the size judged to be 
most economical, consistent with the specified 
start of construction. 

The studies were made for uniform site lo- 
cations and modes of operation. The hypotheti- 
cal site would be located on a navigable river 
usable as a source of condensing water (av- 
erage water temperature 40 to 75°F) and 
for water-borne delivery of equipment. It would 
be 35 miles from a city of 250,000 and would 


occupy a 1200-acre site in an area of relatively 
low population density. Uniform and typical 
characteristics were specified for the meteoro- 
logical, climatological, hydrological, geological, 
and seismological conditions. The plant would 
be operated as a base load plant with an annual 
load factor of 80 per cent and an economic 
life of 30 years. Uniform costing bases were 
also specified. 

Although the ground rules for the heavy- 
water study were not identical with those for 
the other studies, the AEC report states that 
it has been possible to place all studies ona 
comparable basis and to compare the estimated 
costs. As part of its analysis of the studies, 
the AEC has corrected the various cost esti- 
mates to take account of differences in costing 
practices, differences in plant comparison, 
and differences in components of cost esti- 
mates. After making these adjustments and 
analyzing the technical aspects of the studies, 
the AEC analysts arrived at the following 
conclusions:° 


ECONOMIC CONCLUSIONS 


1. None of the nuclear power plants studied is 
likely to be competitive with conventional units of 
the same capacity in any area of the United States 
when units of the size studied are used. A cost dif- 
ferential of 1 mill/kw-hr or more is probable. 

2. Based on the Commission’s evaluations there 
is no major difference in the cost of power to be 
expected among the PWR, BWR, or OCR as de- 
signed. The apparent slight cost advantage of the 
PWR when normalized to 300 Mw(e) needs careful 
scrutiny in view of the magnitude of research and 
development required to confirm the design and in 
view of the uncertainty of technical feasibility of 
the larger size. 

3. The estimated cost of power from the HWR 
is at least 1 mill/kw-hr more than the other three 
systems. The use of enriched uranium in this re- 
actor, which was designed to be operable on natural 


? 
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uranium, would reduce costs only a few tenths of 
1 mill /kw-hr. 

4. In the cases of the BWR and OCR the size 
chosen is probably the optimum size for lowest cost 
power limited by current turbine technology (300 
Mw(e)). It is believed that the PWR (236 Mw(e)) and 
the HWR (221 Mw(e) adjusted) would show some 
further cost reductions if a larger sizer were built. 
This is considered in Appendix 1—Comparative 
Cost Analysis. 


TECHNICAL CONCLUSIONS 


Heavy-water-moderated Reactor (HWR). 
1. The physics, mechanical design, plant efficiency, 
and relative adjusted costs do not provide a con- 
clusive basis for selecting a specific design as 
being the most favorable. 

2. Extensive research and development predicated 
upon the reference design are not justified. How- 
ever, more general research and development ap- 
plicable to D,O-moderated concepts would be valu- 
able, and additional work is contemplated as part 
of the present D,O-moderated reactor program. 

3. The economics of the D,O system is very 
sensitive to the losses of heavy water. For ex+ 
ample, a loss of 17 gal of D,O per day will add 1 
mill/kw-hr to the cost of power from a 200 Mw(e) 
plant. 

4. The Commission plans to investigate the po- 
tential concept variations more fully before recom- 
mending the specific reactor features that should 
be incorporated in a prototype. The necessary work 
can be carried out with operating funds available to 
or being requested by the Commission. 


Pressurized-water Reactor (PWR). 1. The 
236-Mw(e) capacity was chosen on the basis of 
pressure-vessel fabrication limitations. (Because 
the power density of the core was restricted for 
fuel-cycle optimization, there is a good probability 
that the power output can be increased.) 

2. It is doubtful that plant construction could be 
started in July 1960 with reasonable assurance of 
satisfactory completion and operation on the pro- 
posed schedule because of the complexity and criti- 
cal nature of the proposed research and development 
program. 

3. Successful completion of the research and 
development program proposed would provide a 
significant extension of PWR technology. Serious 
consideration is being given to undertaking critica] 
areas of research and development for this concep 
under the Commission’s reactor development 
program. 

4. Design and construction of the unit by the 
Government are not warranted. 


Boiling-water Reactor (BWR). 1. Theforced- 
circulation dual-cycle system selected as the most 
promising concept variation requires only a mini- 
mal research and development program because of 


its similarity to Dresden and SENN (Italy) designs. 
If one of the other variations had proven more at- 
tractive, the research and development program 
would have been more extensive. 

2. There is a good probability that plant con- 
struction could be started in July 1960 with rea- 
sonable assurance of satisfactory completion and 
operation on the proposed schedule. However, the 
construction of such a plant would do little to ad- 
vance BWR technology. 

3. Aside from fuel-cycle development, the pro- 
posed research and development are specific to the 
proposed unit. Since detailed design and construc- 
tion of the unit are not justifiable, the specific de- 
velopment work proposed is not warranted. 

4. The presently proposed AEC developmental 
program in the boiling-water-cooled reactor con- 
cept (including the construction of an advanced pro- 
totype) appears adequate. 


Organic-cooled Reactor (OCR). 1. The ref- 
erence design is predicated upon two major 
technological advances, which have not beendemon- 
strated. These are (a) use of sintered-aluminum- 
powder (SAP) cladding for the fuel elements and 
(b) use of nucleate boiling in the high-flux region 
of the core. 

2. The proposed research and development are 
so extensive that there is doubt that plant construc- 
tion could be started in July 1960 with reasonable 
assurance that the plant will perform as specified. 

3. The successful completion of the research and 
development program proposed would provide a 
significant extension of OCR technology. The gen- 
eral developmental effort on organic-cooled reac- 
tors planned by the Commission will give immedi- 
ate attention to the principal areas of technical 
uncertainty in the recommended design. 

4. Further design and construction of the large 
unit (300 Mw(e)) are not warranted. However, the 
concept shows sufficient potential that, when the re- 
search and development program substantiates the 
use of nucleate boiling and sintered-aluminum- 
powder cladding, serious consideration will be given 
to the desirability of, and means for, initiation of 
detailed design and construction of a prototype. 


The capital costs of the four optimum plants, 
as reported in the separate studies and as ad- 
justed for consistency by the AEC evaluation 
group, are summarized in Table I-1. Other 
adjustments of lesser importance were made 
in the estimated operating costs. Fuel cost 
adjustments were made to bring all the en- 
riched-fuel reactors to a common fuel-life 
range of 10,000 to 13,000 Mwd/ton. The power- 
generation costs based on the adjusted cost 
estimates are summarized, for the optimum 
reactors of the four classes and for a conven- 
tional plant, in Table I-2. 
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Table I-1 ADJUSTED CAPITAL COSTS® 


(Costs Are in Thousands of Dollars, Except for Cost per Kilowatt; Columns A Give 
As-reported Values, and Columns B Give Adjusted Values) 

















PWR BWR OCR HWR 
Construction schedule A B A B A B A’ B 
Schedule as reported: 

Land $ 360 $ 360 $ 360 $ 360 $ 360 $ 360 $ 360 $ 360 
Site work 770 770 1,063 827> 615 615 500 500 
Buildings and structures 5,664 5,664 5,991 6,227° 6,472 6,272¢ 7,759 7,559° 
Reactor 12,973 12,973 27,314 22,314% 18,170 18,170 17,507 17,507 
Turbogenerator 12,842 12,842 16,813 16,813 12,657 12,407© 14,643 14,643 
Accessory electrical equipment 3,299 3,299 3,148 2,896 2,761 2,761 2,735 2,735 
Misc. power plant equipment 724 724 500 500 414 414 55 300! 
Direct costs $36,632 $36,632 $55,189 $49,937 $41,449 $40,999 $43,559 $43,604 
Indirect costs (general and $ 2,733 $ 2,7338 $ 8,000 $ 6,990" $ 3,999 $ 3,940" $ 3,114 $ 3,458' 

administrative) 
Engineering $ 5,255 $ 5,255 $ 6,602 $ 6,602 $ 5,744 $ 5,744 $ 4,400 $ 5,600’ 
Contingencies 2,770 4,462k 5,477 6,353" 3,040 5,068* 5,010 5,266* 
Interest during construction 4,700 4,472! 5,931 8,972" 8,140 7,880" 6,380 7,394° 
Start-up 270 429! 789 493? 988 743! 119 637! 

$52,360 $53,983 $81,988 $79,347 $63,360 $64,374 $62,582 $65,959 

Escalation 5,800 6,025 8,681 10,146 6,150 6,067 4,361 6,976 
Working capital 0 3,015™ e 0 0 0 

Total capital cost $58,160 $60,008 $93,684 $89,493 $69,510 $70,441 $66,943 $72,935 
Megawatts, net electrical 236 306 300 207 2211 
Cost per kilowatt $252 $290 $237 $322 $321 
Const. time to full power, 36 53 42 42 

months 

Schedule adjusted to 42 months to 

full-power operation: 

Total capital cost $60,747 $82,580 As As 

Cost per kilowatt $257 $270 above above 





* Costs adjusted by contractor for same site as other reactor projects listed. 

b $235,000 for intake and discharge structures has been transferred to buildings and structures. 

© Reduced by $200,000 to place turbine generator outside as in other studies. 

4$5 million has been deducted because of the inclusion by General Electric Co. of certain indirect manufacturing 
costs. 

© $250,000 omitted because estimate includes spare exciter. 

f Revised to reflect AEC judgment. 

8 Direct costs include approximately $2 million in indirect costs. 

4 General and administrative costs reflect adjustment in total direct costs. 

i Cost of field supervision ($550,000) transferred from engineering to general and administrative for comparability of 
cost data. 

j Engineering adjusted to higher level on basis of AEC experience. 

k Contingencies adjusted to 10 per cent of direct and indirect costs plus engineering. 

1 Adjusted to reflect reduction in interest to contemplated date for power operation. Report computes interest 1.5 
months beyond full power. 

™interest adjusted to reflect recomputation by AEC and elimination of working capital. 

" Adjusted to reflect reduction of $350,000 because compound interest was computed, and for adjustment in capital 
costs. 

° Interest at 6 per cent for 3 months added to cover time to full power. 

P Reduced to eliminate nuclear liability insurance and general and administrative expenses. 

9 Based on a thermal efficiency adjustment to 28 per cent, giving a power output of 221 Mw(e) net instead of 207 Mw(e) 
reported. This adjustment compensates for the lower condenser vacuum (1.5 in. Hg) in the enriched design studies com- 
pared to the HWR study (3.5 in. Hg). 
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Table I-2 COMPARISON’ OF ELECTRIC GENERATING COSTS? 


(Results Are in Mills per Kilowatt-hour) 








Conventional” 
plant PWR BWR OCR HWR 

Net electrical output, Mw 306 236 306 300 221 
Fixed charges (14% at 80% capacity) 3.67 5.1 5.4 4.7 6.4 
Heavy-water inventory (12.5% per year) 1.5 
Fuel-cycle costs S31 27-sA- 2.8—8.3° 2.5—3.0° 2.0—3.04 
Operation and maintenance 0.37 0.5 0.5 0.5 0 A 
Organic or heavy-water make-up 0.6 0.2 

Total power cost! 7.4 8.3—8.7 8.7-9.2 8.3-8.8 10.8—11.8 

Total power costs for comparable 

sized modern coal-fired unit cee 7.4 6.9 





Costs adjusted for full-power operation in January 1964, with construction starting in July 1960. 


Breakdown of BWR contractor estimates. 
“Burn-up of 13,000 to 10,000 Mwd/ton. 
4Burn-up of 7500 to 5000 Mwd/ton. 


©There is no operational experience on which to predict the heavy-water losses for power reactors. 

The relative likelihood of achieving these costs is reflected by the proposed research and development costs of 
$8.6, $2.9, $8.4, and $10.7 million for the PWR, BWR, OCR, and HWR, respectively. If these costs were written 
off for the first plants, they would increase the power costs 0.7, 0.2, 0.6, and 1.1 mills/kw-hr, respectively. 

8Estimate made by each contractor using same site data and general assumptions as for the nuclear unit. Fuel 


costs are assumed to be 35 cents per million Btu. 


As implied in the summary above, it is 
doubtful that the small differences among the 
estimates for the pressurized-water, boiling- 
water, and organic-cooled types are significant, 
although the future may reveal actual and 
significant cost differences among the three 
types. In considering the cost estimate for the 
heavy-water reactor, it is important to remem- 
ber that the requirement for construction of 
the large plant in 1960 places severe limitations 
on this reactor type, which has not yet developed 
to the prototype stage. This consideration and 
others that are relative to the heavy-water re- 
actor are discussed in a later section. 

Although the AEC evaluation of the studies 
has naturally been aimed at determining what 
Commission action the results suggest, it is 
also interesting, from the point of view of the 
reactor engineer, to inquire into what the 
studies imply regarding the directions of tech- 
nical development of the several reactor types 
in the near future. This approach has been 
taken in the discussion which follows. 


The Pressurized-water Plant 


The pressurized-water plant® was designed 
for a gross electric generating capacity of 
248 Mw(e) and a net capacity of 236 Mw(e). (As 
background material for the discussion of the 


pressurized-water and boiling-water plants, 
the general discussion of H,O-cooled and -mod- 
erated reactors, Power Reactor Technology, 
2(1): 10-25 (December 1958) may be found use- 
ful.) The reactor is cooled and moderated by 
ordinary water at a nominal pressure of 2000 
psia. It operates with an average coolant tem- 
perature of 600°F and produces secondary 
saturated steam at 1050 psia (545°F) in four 
parallel steam generators. The reactor output 
is 685 Mw(t), and the net thermal efficiency is 
34.5 per cent. 


The reactor core is in the form of a right- 
circular cylinder 98.2 in. in equivalent diameter 
and 114 in. in active height. It is made up of 
127 hexagonal fuel clusters, 8.4 in. across 
flats, and six half hexagons at the core per- 
imeter. The fuel elements are composed of 
0.391-in.-diameter UO, pellets in type 347 
stainless-steel tubes having a wall thickness of 
0.022 in. This gives a total external diameter 
of 0.440 in. for the fuel elements. The core 
contains 53 metric tons of uranium, of which 
1.58 metric tons is U**®. The core is divided 
into two coaxial zones, the inner being enriched 
to 2.6 per cent U**> and the outer to 3.4 per 
cent U**®, The estimated average fuel life is 
13,000 Mwd/metric ton, and the estimated 
maximum is 25,000 Mwd/metric ton. A single 
batch reloading cycle is used, with reloading at 
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the end of 3'4 years. Boron is used as a burn- 
able poison to compensate part of the reactivity 
change due to fuel burn-up. The movable con- 
trol elements consist of 24 movable fuel as- 
semblies with Ag-In-Cd absorbing followers. 
The average conversion ratio over the life of 
the core (fissionable atoms produced to fis- 
sionable atoms destroyed) is estimated as 0.68. 

The pressure vessel, which was judged to be 
the largest presently feasible for the design 
pressure, is 12 ft in outer diameter and ap- 
proximately 38 ft high, with a wall thickness of 
9 in. The material is low carbon steel with a 
Y-in. cladding of type 304 stainless steel. The 
vessel, exclusive of the head, weighs 216 tons. 
The head with control-rod mechanisms weighs 
55 tons. The design pressure and tempera- 
ture are 2515 psia and 670°F. 

The turbogenerator employs three stages of 
expansion, with moisture separation and reheat 
between the high- and intermediate-pressure 
stages, and four stages of feed-water heating. 

The spherical vapor container encloses the 
reactor, the steam-generating equipment, and 
the associated auxiliaries. The turbine-gen- 
erator and spent fuel storage pit are outside 
the sphere. The turbine plant is of semi- 
enclosed design with the waterproofed turbine 
generator and deaerator located on an open 
concrete deck. Controls for the reactor, turbine 
generator, and station distribution systems are 
centralized in a shielded portion of the turbine- 
generator plant. The vapor container is a 
spherical steel shell having a minimum wall 
thickness of 1'4 in., a diameter of 135 ft, anda 
net volume of 1.05 x 10° cu ft, designed to a 
pressure of 43.6 psig. 

The feature of the plant which has the most 
obvious effect on the economic performance is 
the net thermal efficiency of 34.5 per cent, 
considerably higher than the efficiencies which 
have characterized previous pressurized-water 
designs. Basically, this is made possible by 
the high steam pressure and the choice of a 
suitable cycle for utilization of the high-pres- 
sure saturated steam. The high steam pres- 
sure through the single-pass core is achieved 
by (1) the use of bulk boiling in the hottest 
coolant channels, (2) a relatively flat power 
distribution, and (3) a fairly high coolant-flow 
rate (45x 10° lb/hr) giving a relatively low 
coolant-temperature rise (35.9°F). 

If a pressurized-water reactor is sodesigned 
that no boiling occurs at the surface of the hot- 


test fuel element, then the reactor must be 
pressurized to a level equal to or greater than 
the vapor pressure of water at the surface 
temperature of the hottest fuel element. This 
temperature will be higher than the secondary 
steam temperature by some amount 7 (maxi- 
mum surface) minus T (secondary steam) which 
will depend on the film temperature drops at 
the fuel-element and boiler-tube surfaces, the 
reactor hot-channel and power-distribution fac- 
tors, and whatever allowances may be made for 
overshoots of reactor power. 


In most reactors designed for no surface 
boiling, the temperature difference amounts to 
about 150°F (see Power Reactor Technology, 
2(1): 18-19 (December 1958)). If surface boiling 
is allowed in the hottest channels, the tempera- 
ture difference which determines the difference 
between primary and secondary pressures may 
be lowered, and, if bulk boiling is permitted, it 
may be lowered still more, depending on the 
degree of boiling permitted. In the limit of bulk 
boiling in all channels, the temperature differ- 
ence is determined simply by the heat-transfer 
and heat-transport temperature losses in the 
primary heat exchanger. 


In the Stone & Webster-Combustion Engineer- 
ing design, the reactor is pressurized to a 
saturation temperature (634.5°F) just 16.5°F 
higher than the mixed-mean coolant outlet tem- 
perature. The temperature difference between 
the primary saturation temperature (634.5° F) 
and the secondary steam temperature (550.5°F) 
is 84°F. If a temperature difference of 150°F 
were used, the secondary steam pressure would 
drop to less than 600 psia for the same primary 
pressure. 


The secondary steam pressure is not, of 
course, determined specifically by the primary- 
coolant outlet temperature, but rather, for a 
given heat-exchanger (boiler) design, by both 
the inlet and outlet temperatures. The steam 
pressure can thus be increased also by using 
high primary-coolant flow rates which reduce 
the inlet-outlet temperature rise and thus in- 
crease the average primary temperature. Ob- 
viously, as flow rate is increased, the net plant 
efficiency will pass through a maximum, since 
higher flows require greater pumping power. 
Figure 1 shows the effect of primary-coolant 
flow rate on net efficiency and also the effect 
of a lower mixed-mean core exit temperature 
(575°F instead of the design value of 618°F). 
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Figure 1——-Net thermal efficiency vs. coolant flow 
rate for the advanced pressurized-water reactor.’ 
Reactor power = 685 Mw; pressure = 2000 psi; Ty) = 
mixed-mean coolant exit temperature. Note: An addi- 
tional coolant loop is added to the primary system for 
each additional 10° lb/hr of flow with a constant log 
mean AT of 48°F across the steam generators. 


The indicated values of the burn-out ratio in 
Fig. 1 are also significant. The burn-out ratio 
for any given point in the core is defined as the 
ratio of the heat flux at that point in the core to 
the estimated burn-out heat flux at that point; 
the burn-out ratio for the core is, of course, 
equal to that of the point having the minimum 
ratio. The differences between the ratios on 
the upper curve and those on the lower curve 
reflect the decreases in burn-out heat flux 
which accompany bulk boiling. Although the 
burn-out ratio at the design point is considered 
quite adequate (the reference states that a ratio 
of 2.0 in a detailed design is adequate), it is 
true that, if burn-out is the limiting factor on 
power density, then the subcooled reactors can 
achieve higher power densities than can those 
which permit boiling. 

The low thermal conductivity of uranium 
oxide, however, is usually the limiting factor 
on power density in oxide-fueled reactors, 
and it is the limiting factor in the case con- 


sidered here. Both the specific power of the 
reactor (12.95 Mw(t)/ton) and the maximum 
heat flux (296,000 Btu/(hr)(sq ft)) are relatively 
low because of the use of fairly large oxide 
slugs for fuel-cost optimization. It seems very 
probable that in the long term, decisions be- 
tween subcooled reactors and reactors that 
permit boiling may be strongly dependent onthe 
estimates of burn-out heat fluxes for the two 
types, and that the need for more precise 
burn-out flux predictions will continue to in- 
crease. 

Several possibilities were explored in arriv- 
ing at the steam cycle which was judged best 
for utilizing the high-pressure saturated steam. 
In the cycle chosen, the steam is first expanded 
through the high-pressure cylinder of the tur- 
bine and is then run through a separator to 
reduce the moisture content from approximately 
13 per cent to about 1 per cent. The dried 
steam is then heated to within 25° of throttle 
temperature (~135°F superheat at full load) 
and is expanded through the intermediate- and 
low-pressure cylinders. The high-pressure cyl- 
inder is specially designed with moisture- 
removal devices and is fabricated of materials 
suitable for the saturated steam throttle con- 
dition. The intermediate cylinder and a portion 
of the low-pressure cylinder are of conventional 
design, of the double-flow type. The heat bal- 
ance for the system, at rated power, is shown 
in Fig. 2. 

Two alternate cycles studied are compared 
with the reference cycle in Table I-3. Thefirst 
of these (Plan I, Table I-3), similar to those 
presently in service or under construction for 
water reactors, uses no reheat and provides 
two stages of moisture removal, one each be- 
tween the high- and intermediate-pressure cyl- 
inders and between the intermediate- and low- 
pressure cylinders. Four stages of regenerative 
feed-water heating are used. The second cycle 
considered (Plan II) reheats the wet steam from 
the high-pressure cylinder exhaust and is other- 
wise qualitatively similar to the reference cycle 
(Plan Ill). As is evident from the table, the 
analysis indicated that Plan I suffers relative 
to Plan III from higher capital cost (because of 
special materials and special turbine construc- 
tion to take care of the high moisture content) 
and from slightly lower efficiency (again be- 
cause of moisture problems). Plan II, on the 
other hand, has significantly lower efficiency 
because a fairly large fraction of the high- 
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Table I-3 COMPARISON OF THERMAL CYCLES FOR THE TURBINE-GENERATOR PLANT 
OF THE ADVANCED PRESSURIZED WATER REACTOR 











Plan III 
Plan I Plan 0 (combination 
(two-stage moisture (single-steam moisture-separation 
separation) reheat) and steam reheat) 
Gross generation, kw 246,700 242,420 248,120 
Auxiliary power, kw 12,140 11,710 11,700 
Net generation, kw 234,560 230,710 236,420 
Net plant efficiency, % 34.2 33.7 34.5 
Difference in net generation, kw Base —3,850 +1,860 
Turbine heat rate, Btu/kw-hr 9,493 9,650 9,430 
Net station heat rate, Btu/kw-hr 9,965 10,130 9,890 
Difference in net station heat rate, Btu/kw-hr Base —165 +75 
Capital costs: 
Turbine-generator unit $10,556,200 $ 9,931,000 $ 9,970,000 
Moisture separators 196,000 74,500 
Steam reheaters 276,000 242,000 
Separator receivers and pumps 23,000 11,500 
Reheater pumps 31,000 19,200 
Steam and drain piping 11,000 14,200 11,600 
Total $10,786,200 $10,252,200 $10,328,800 
Difference in capital cost Base +$534,000 +$457,400 
Value of capability difference — $385,000 +$186,000 
Capitalized value of heat-rate difference —579,150 +263, 250 
Total of capability and capitalized fuel value — $964,150 +$449, 250 
Net gain over Plan I — $430,150 (loss) $906,650 





pressure steam is used to produce steam of 
lower pressure. The estimated gain of Plan III 
over Plan I ($906,650 per year) amounts to 
about 0.5 mill/kw-hr. 

Other interesting features of the reactor de- 
sign are the use of hexagonal fuel assemblies, 
the use of control assemblies that incorporate 
movable fuel elements, and the use of a two- 
zone core loading in a single-batch reloading 
program. The hexagonal core matrix and the 
use of movable fuel for control are reminiscent 
of the Russian pressurized-water design.° 
Indeed, the control-rod concept has been in use 
for a number of years in the Materials Testing 
Reactor and is used in the Army Package Power 
Reactor. It appears to do muchtoward relieving 
the problem of providing sufficient control in 
water-moderated reactors. The concept has 
not previously been widely used in water-cooled 
power reactors, presumably because of the 
problems inherent in providing reliable and ef- 
fective cooling for movable fuel assemblies. 
However, once the problem of moving fuel as- 
semblies has been accepted, the possibilities 
for improving the control situation are quite 
attractive. As visualized in the pressurized- 
water design, the control element consists of a 


movable hexagonal fuel assembly with a fol- 
lower at its upper end which consists of a hol- 
low hexagonal shell of neutron-absorbing ma- 
terial. In its most reactive position, the control 
element is positioned with the fuel-bearing 
portion in the reactor core. To decrease re- 
activity the rod is lowered, the fuel moving out 
of the core and leaving behind a hexagonal 
water-filled channel which is bounded at its 
periphery by the absorbing follower. The pres- 
ence of the large water hole does not lead to a 
power peak in the adjacent fuel since the ther- 
mal neutrons slowed down in the water are 
absorbed by the absorbing shell of the follower. 
The absorbing portion therefore absorbs not 
only the thermal neutrons that diffuse in from 
the surrounding fuel but also the neutrons 
thermalized in the water channel as well. 

In the design study the control rodis referred 
to as a neutron rectifier type rod. This name 
calls attention to the fact that most fast neu- 
trons which diffuse into the water-filled chan- 
nel are thermalized and absorbed; hence they 
may find their way into the water channel, but 
they cannot escape from it. It is perhaps more 
instructive to consider the control:element as a 
control rod which absorbs not only thermal 





8 GENERAL RESEARCH AND DEVELOPMENT 















































A 
7000 LB prams sr aren 8 a peat 
LOSSES | ‘ MOISTURE 543.4F 
SEPARATOR REHEATER 
| 2,378,980 LB 194 PSIA ij 
Seiad owes omen se SNe 
2,858,300 LB 2,057,550 LB 4000 PSIA 13.3% 4189.6h 
STEAM a oe en MOISTURE 1% MOISTURE 
GENERATORS 1 o.504,010 LS 
T . 352.6h 540.8h 
\ 750 LB 
TO AIR 
EJECTOR 
2, LB 
374.39h 200 PSIA 
1086) 
SOGTF asses | 











@ | 


DRAIN RETURN 
PUMPS 





vr 











1 
i AERATI 
j oe ret ne 2,579,660 LB | 185,930 LB 294,460 8 
7000 LB 352.08h 
8.0 x 10% BTU/HR | seon eat Le 9 | 
PURIFICATION ; 
SYSTEM LOSSES = | 
BLOWDOWN j 
FLASH | | 




















DRAIN RETURN ORAIN 
PUMPS RECEIVER 


NOTES 


Purification steam losses: 8 x 10° at all loads. 

Steam losses: 7000 lb at ail loads. 

Steam-generator blowdown: 0.25% of steam generation. 

Extraction line pressure drops are expressed as the following percentages of the ab- 
solute pressure at the turbine connection to the extraction line: 


Line: lst point 2nd point 3rdpoint 4th point 
Per cent: 3.5 5.0 5.0 1.0 


Extraction pressures shown at or near turbine are pressures at the turbine connection 
to the extraction line. 

Heater entrance pressures are shown outside heater symbols. 

The percentage pressure drop from the high-pressure turbine exhaust to the reheater 
inlet and from the reheater inlet to the reheater outlet is calculated at all loads. 

Auxiliary power requirements have been calculated for main coolant pumps, steam- 
generator feed pumps, and condensate booster pumps, and have been estimated for 
all other equipment. 
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® 
Figure 2—Heat-balance diagram for the pressurized-waier reactor.” 
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neutrons, but, effectively, fast neutrons as well. 
Its effectiveness will be greater than that of a 
purely thermal control rod of the same dimen- 
sions roughly in the ratio of the total neutron 
flux (thermal plus epithermal) to the thermal- 
neutron flux. This ratio is generally high in 
H,O-moderated reactors, and consequently the 
concept will be particularly attractive for such 
reactors. Another way of considering the dif- 
ference between this control method and a 
purely thermal-neutron absorber is to consider 
that, whereas a purely thermal control rod can 
draw neutrons only from that core volume which 
is roughly within a distance of one thermal- 
neutron diffusion length from the rod surface, 
the so-called rectifier rod can draw neutrons 
from a volume that lies roughly within one neu- 
tron migration length of the rod surface. In the 
case under consideration, the advantages of the 
control rod manifest themselves in the rela- 
tively small number of rods (24) required for 
control of the rather large core and bya reduc- 
tion of the power peaking due to water in 
control-rod channels. 

The two-zone loading of the reactor core, 
with more highly enriched fuel in an outer an- 
nulus and less highly enriched fuel in the 
central region, yields, of course, an initial 
power distribution which is considerably flatter 
in the radial direction than that which would 
characterize a core of uniform loading. It is 
further pointed out in the study that the change 
in power distribution over the life of the core is 
very much less than for a uniformly loaded 
core. Finally, a further advantage of the two- 
region loading is claimed, namely, the reactivity 
change resulting from a given average fuel 
burn-up is significantly less in the two-zone 
core because the fuel burn-up is not concen- 
trated in the region of highest reactivity worth. 
The two-region design selected, in combination 
with (1) the rather high fissionable-material 
loading that characterizes the use of steel- 
jacketed fuel elements and (2) the use of boron 
as burnable poison, has resulted in a relatively 
low reactivity change over the design core life 
of 13,000 Mwd/ton. At the beginning of life the 
core has only a slight excess reactivity in the 
hot condition with equilibrium xenon and sama- 
rium. The hot reactivity increases to a maxi- 
mum of about 3 per cent after an exposure of 
approximately 5000 Mwd/ton because of the 
burn-out of boron, and it finally falls to zero at 
a calculated burn-up of 13,000 Mwd/ton. The 


calculated conversion ratio, an average of about 
0.68 fissionable atom produced per fissionable 
atom destroyed over the life of the core, is 
surprisingly high for a core that incorporates 
both steel fuel-element jackets and burnable 
poison. However, it appears that almost all the 
burnable poison is burned out by the endof core 
life, and, if it were completely burned out, then 
the neutron losses to the boron would be no 
greater than the neutron losses to control rods 
if control rods had been used to control the 
same reactivity change. 

The calculated power distribution is also 
surprisingly flat, the over-all maximum to 
average power-density ratio amounting to 3.0. 
The flat distribution results from several cir- 
cumstances: the initial flattening due to the 
two-zone loading; the absence of large water- 
hole peaking factors; the relatively small change 
in power distribution over the life of the core, 
due partly to the two-zone loading but also 
partly to the fact that, at the average enrich- 
ment used, a burn-up of 13,000 Mwd/ton does 
not correspond to a large fractional change in 
u?35 content (39.5 per cent of the U**is burned); 
and the compensation of reactivity change by 
burnable poison, which tends also to compen- 
sate partly the change in power distribution 
caused by burn-up of fuel. 

Although it is beyond the scope of this dis- 
cussion to review the complete plant design, 
the following summary of some of the com- 
ments on the design from the AEC evaluation 
report’ will highlight certain other design fea- 
tures which have not been discussed above. 

The reactor vessel is feasible, although at 
the limit of currenttechnology. Present forging 
rolls cannot handle more than 9 in., the design 
thickness. The vessel is too large to be shipped 
by rail. The infrequent proposed opening of the 
vessel (once in three years), along with the use 
of a welded omega seal, represents an expedient 
solution to the closure problem. 

Access to the containment shell is not allowed 
during reactor operation. The practicability of 
such a philosophy, which prohibits maintenance 
within the containment vessel while the plant is 
in operation, remains to be demonstrated. 

Shaft-sealed, open-motor type circulating 
pumps are used in the primary-coolant system. 
This approach promises capital cost advan- 
tages, but its effect on maintenance costs is not 
known. Controlled leakage seals are being used 
on boiler recirculation pumps, but the shaft 
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sizes are much smaller than those of the main 
circulating pumps. Alternatively, the use of 
canned motor pumps in the capacities required 
for the reactor design has not yet been demon- 
strated. 

The 26-in. pipe size, 1500-lb ASA class, type 
316 stainless-steel valves proposed for the 
system are larger than any previously fabri- 
cated. The quoted velocity of 28 ft/sec in the 
primary-coolant-loop piping system may pose 
problems in valve design. The use of hydro- 
forged centrifugally cast stainless-steel pipe 
helps to achieve substantial cost savings. Fur- 
ther savings of 25 to 30 per centon piping costs 
can be realized when straight centrifugally cast 
material gains acceptance. 

The gradual build-up of radioactivity on the 
interior surfaces of the external portions of the 
primary-coolant loops cannot be ignored. This 
build-up, which has been observed in pres- 
surized-water systems using either Zircaloy 
or stainless-steel-clad fuel elements, may limit 
accessibility of pumps, valves, etc., for shut- 
down maintenance after several years of opera- 
tion. 

The fuel-element failure detection system will 
only detect the presence of delayed neutrons 
and thus give an indication of fuel cladding 
rupture somewhere in the reactor. The geome- 
try of the reference core appears to preclude 
the possibility of pinpointing the location of 
any one fuel-element rupture. 

The design arrangement and location of the 
steam generators do not take into account the 
probability of tube or tube-sheet leaks. The re- 
pair of tubes in the plant as designed could be 
accomplished only at considerable expense and 
loss of time. 

In summary it may be said that the pres- 
surized-water reactor design is an advanced 
design which would require some research and 
development before reactor construction. The 
advances in the reactor core design and in the 
design of the primary-coolant system have been 
aimed toward the production of high steam 
pressure and the optimization of fuel costs 
rather than toward high power density. Both 
the power density and the specific power (ap- 
proximately 49 kw per liter of core and 13 Mw 
ton, respectively) are lower than the correspond- 
ing values for the Yankee Atomic Electric or 
Consolidated Edison pressurized-water reac- 
tors, despite the considerably lower maximum 
to average power ratio in the design study. As 


a result, the naximum power attainable from 
the plant as designed is not extremely high, and 
the fuel use charge is relatively high (0.77 
mill/kw-hr out of a total fuel cost of 2.91 mills/ 
kw-hr). Despite these characteristics, the ad- 
justed estimated power-generation cost is as 
low for the reactor as for any other in the study 
program. To a large extent this is possible 
because of the high estimated plant efficiency. 


The Boiling- 


The boiling-water reactor’ selected as the 
preferred design in the Ebasco—General Elec- 
tric study is of the dual-cycle forced-circulation 
type, having a thermal capacity of 980 Mw, a 
gross electric generating capacity of 320 Mw, 
and a net capacity of 306 Mw. The net thermal 

fficiency is 31.2 per cent. Primary steam is 
generated in the reactor at a pressure of 
1015 psia and is separated in an external drum; 
the steam from the drum is pumped through 
secondary steam generators to generate steam 
at 475 psia which is admitted to the high-pres- 
sure turbine cylinder at an intermediate point. 
The primary water is returned from the steam 
generator to the reactor. The steam from the 
high-pressure cylinder exhaust is fed to two 
low-pressure turbine cylinders at 14. 
after having passed through a moisture separa- 
tor. The low-pressure cylinders exhaust to the 
condenser at 1.5 in. Hg abs. 

returned in the proper proportions to the stean 
drum and to the steam generators after ie 
stages of feed-water heating. The circulating 
water flow in the reactor core is 35,400,000 Ib 
hr. The primary steam flow is 2,830,000 lb/hr, 
and the secondary steam flow is 

The reactor core is roughly cylindrical in 
shape and has an equivalent diameter of 13: 
and an active height of 130 in. It is composed 
of 120 9'/,-in.-square fuel assemblies, each of 


The condensate is 


83 
8 


which contains 196 fuel rods and a sampling 


tube for the location of failed elements. Each 
fuel rod is made up of six longitudinal — s 
joined together at the spacer plates which posi- 


} 


tion the rods in the fuel assembly. The fuel 
assemblies fit into individual square boxes, 
called fuel channels, formed of sheet Zircaloy 
or steel. These channels, which rest on a bot- 
tom core-support plate, can be replaced inde- 
pendently of the fuel assemblies. 

The fuel is 1.91 per cent enriched UQ, en- 
cased in 0.45-in.-OD Zircaloy tubing. The total 
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core loading is 64 metric tons of uranium, which 
contains 1.08 metric tons of U**®. In the equi- 
librium fuel cycle, which is reached after about 
seven years of full-power operation, the core 
refueling program consists of replacing 20 per 
cent of the fuel elements at eight-month inter- 
vals and shuffling the partially exposed fuel to 
improve the fuel-cycle characteristics. 


Excess reactivity is controlled by 97 cruci- 
form boron-steel control rods of 8-in. span. 
They are driven from the bottom by a hydraulic- 
mechanical system similar to that of the Dresden 
reactor, and they move upward into the core to 
decrease reactivity. In the initial core loading, 
the excess reactivity is higher than that which 
will be the maximum after the equilibrium re- 
loading cycle has been established. The control 
rods are not expected to be adequate for control 
of the initial excess reactivity; consequently, 
the reactor will initially be provided with 
stainless-steel fuel channels which will com- 
pensate part of the initial excess reactivity. 
The stainless-steel channels will be replaced 
by Zircaloy channels at six- to eight-month 
intervals as additional reactivity is needed to 
maintain reactor operation. 


The reactor pressure vessel is 13 ft 2 in. in 
outer diameter and approximately 46 ft in height, 
with a maximum wall thickness of 5.4 in. The 
vessel, which weighs 280 tons, is too large to 
be shipped by rail. 


The containment sphere houses the reactor, 
steam generators, steam drums, and fuel han- 
dling, fuel storage, and miscellaneous appurte- 
nances of the nuclear steam supply system. 
The turbine, condenser, feed pumps, feed-water 
heaters, etc., are housed in a separate building, 
as is the control room. The containment sphere 
is 190 ft in diameter and is designed for an 
internal pressure of 28 psig with a coincident 
temperature rise of 230°F. 


As pointed out in the AEC evaluation, the 
technical features of the boiling-water design 
are very similar to those of the Dresden plant 
and to the boiling water design of the SENN 
project, the main performance improvements 
being: 

1. An increase of power density in the core 
from 28 to 36 kw(t)/liter. 

2. Redesign for the higher capacity of 306 
Mw(e). 

3. An increase in average fuel exposure level 
from 10,000 Mwd/ton to 15,000 Mwd/ton. 


There is little reason to doubt that the first 
two of these objectives can be accomplished. 
As for the increase in fuel exposure, it can be 
said that test results on limited numbers of 
oxide fuel-element samples continue to be en- 
couraging. It would be hard to justify an argu- 
ment that an average exposure limit of 10,000 
Mwd/ton is realistic and that a limit of 15,000 
Mwd/ton is not. However, the question of ex- 
pected fuel life does not enter the economic 
comparison since the AEC evaluation adjusted 
all fuel-cost estimates to the same lifetime 
range: 10,000 to 13,000 Mwd/ton. 

It is not possible to discuss just what de- 
velopments of technology are expected to lead 
to the improvements of performance, for the 
report on the design study omits certain per- 
formance and design details that would con- 
tribute to the understanding of the design. In 
particular, such items as power distributions, 
the excess reactivity breakdown, temperature 
and void coefficients of reactivity, and the 
dimensions of the fuel pellet are not stated. 

In commenting on the design, the AEC evalua- 
tion report calls attention to the apparent dif- 
ficulty in providing sufficient reactivity control 
and questions whether the 15,000 Mwd/ton fuel 
life can be assured from the reactivity stand- 
point. It also comments on the relative com- 
plexity of the dual-cycle system and points out 
certain specific areas—the provision of 125 
per cent power bypass to the condenser and 
full-flow demineralization of the condensate 
water—where the design is particularly con- 
servative. 

In arriving at the preferred boiling reactor 
type, four different types were analyzed in 
some detail at net plant capacities of 200 Mw(e) 
and above. These were: 


1. The single-cycle forced-circulation reac- 
tor with external steam separation. 

2. The single-cycle external natural-circu- 
lation reactor with external steam separation. 

3. The dual-cycle forced-circulation reactor 
with external steam separation. 

4. The single-cycle internal natural-circula-~ 
tion reactor with internal steam separation. 


It was possible to design for outputs in the 
200- to 300-Mw(e) range with single reactors 
only when the forced-circulation types were 
used: two reactors feeding a single turbine 
were found to be necessary in the case of the 
external natural-circulation reactor, and three 
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reactors were necessary inthe internal natural- 
circulation case. In the latter case the limita- 
tion on capacity was set by the pressure-vessel 
size, but in the case of the external natural- 
circulation reactor the limiting factor was 
economic, growing out of the excessive steam- 
drum height necessary for sufficient circulation. 

Despite the need for two reactors in the case 
of the external natural-circulation system, the 
estimated power-generation costs for all sys- 
tems except the internal natural circulation 
differed by less than 0.2 mill/kw-hr over the 
200- to 300-Mw(e) range. The decrease in 
generating cost for any one system, when the 
design capacity was increased from 200 Mw(e) 
to 300 Mw(e), was between 1.10 and 1.25 mills/ 
kw-hr. 

The dual-cycle system was selected as the 
preferred system, primarily because of greater 
experience in the design and engineering of this 
type in large sizes. The 306-Mw(e) rating was 
chosen as “the maximum which can actually be 
undertaken at this time without undue technical 
and economic risks.’’! It was estimated that 
the decrease in energy cost in going to a ca- 
pacity of 392 Mw(e) would amount to only about 
0.4 mill/kw-hr, partly because of the antici- 
pated necessity of shifting from a single-shaft, 
1800-rpm four-flow exhaust turbine to a more 
expensive cross-compound turbine for capaci- 
ties above 306 Mw(e) and to two turbines for 
capacities above 350 Mw(e). 

As part of the optimization study, the effect 
of operating (throttle) pressure on the cost of 
power from three of the reactor types was 
made. For a net capacity of 200 Mw(e), the 
following pressures were found to be optimum: 


Optimum 
throttle pressure, 
Case Type psig 

1 Single cycle, forced 950 
circulation 

2 Single cycle, two 800 
reactors, natural 
external circulation 

3 Dual cycle, forced 950 


circulation 


It was stated that in case 1 the power cost is 
relatively sensitive to design pressure, that in 
case 3 the cost is not very sensitive over the 
pressure range studied (800 to 1450 psig), and 


that in case 2 the optimum is considered to be 
800 psig, although the limit of the range of 
study prevented the demonstration of an actual 
rise in power cost for pressures below 800 
psig. 

It must be recognized that the significance 
of such optimizations cannot be evaluated with- 
out a very careful consideration of the ground 
rules under which they were made and of the 
engineering judgments which were necessary 
in carrying them out. Such a consideration is 
beyond the scope of this review, even if the 
necessary information were available. How- 
ever, the results are of interest as the con- 
sidered conclusions of one group of reactor 
designers. 


Comparison of Pressurized-water 
and Boiling-water Plants 


It has already been implied that the boiling- 
water and pressurized-water designs represent 
quite different degrees of extrapolation of past 
experience and will require quite different 
amounts of development for their successful 
completion (see footnote f of Table I-2). This 
difference must be borne in mind in any com- 
parison of the technical features of the two 
designs. Such a comparison is nevertheless 
instructive; it reveals some features that may 
differ characteristically between the “slightly 
boiling pressurized-water reactor’’ and what 
might be considered the classical “boiling re- 
actor.’’ It would seem reasonable to make the 
distinction between these two types on the basis 
of whether most of the heat is transported from 
the reactor in the form of sensible heat of the 
coolant water or in the form of latent heat of 
vaporization. If this distinction is made, it may 
then be said that in the case of the “boiling re- 
actor’’ the design must be concerned with the 
magnitude of the steam coefficient of reactivity 
(a low negative coefficient is desirable), where- 
as the “pressurized-water reactor’’ design may 
be made without much concern about the mag- 
nitude of the coefficient (a negative value is 
necessary, but will ordinarily be assured by 
other design considerations). 

The characteristics of the two designs con- 
sidered here, which are shown in Table I-4, 
illustrate the consequences of this basic dif- 
ference. The pressurized-water design has a 
quite low moderator to fuel ratio, undoubtedly 
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Table I-4 CHARACTERISTICS OF PRESSURIZED-WATER 


AND BOILING-WATER PLANTS??? 








55 (head) 


Characteristics PWR BWR 
Over-all characteristics: 
Reactor thermal power, Mw 685 980 
Gross electrical capability, Mw 248 320 
Net electrical capability, Mw 236 306 
Net efficiency, % 34.5 31.2 
Primary steam flow, 10° lb/hr 2.83 
Secondary steam flow, 10° lb/hr 2.865 0.87 
Core coolant flow, 10° Ib/hr 45 35.4 
Reactor internal pressure, psia 2000 1015 
Primary steam pressure, psia 990 
Secondary steam pressure, psia 1050 500 
Feed-water return temperature, °F 395 325.5 
Core inlet subcooling, Btu/lb 45.9 
Fuel and core assembly: 
Fuel material uO, UO, 
Weight of UO, in core, lb 133,000 141,000 
Weight of U*® in core, kg 1580 1080 
Volume of H,O/volume of UO, in core 1.12 2.5° 
Weight of burnable poison (natural B), kg 9.3 0 
Fuel pellet diameter, in. 0.39 
Helium gap (cold), in. 0.0025 
Fuel jacket material Stainless steel Zircaloy-2 
Jacket wall thickness, in. 0.022 
Jacket OD, in. 0.440 0.45 
Number of segments per fuel rod 1 6 
Fuel-rod pitch, in. 0.566 0.645 
(triangular) (square; 
Number of fuel-rod positions per assembly 217 196 
Total number of rods removed for: 
Fuel-rupture detectors 0 100 
In-core flux monitors 0 76 
Number of fuel assemblies 127 120 
Total number of fuel rods 25,705 23,343 
Fuel assembly shape Hexagonal Square 
Cross-sectional dimensions, in. 8.4 across 9%. x 94, 
flats 
Length of fueled section, in 114 136 
Equivalent core diameter, in. 98.2 123 
Control-rod type Hexagonal, Cruciform 
‘*neutron 
rectifier’’ 
Control-rod absorber Ag-In-Cd Boron- 
stainless stee) 
Spar 7.3 across 8.0 
flats 
Thickness 0.375 
Reactor vessel 
Material Low alloy 
steel clad 
with type 304 
stainless steel 
Inside diamete? 10 ft 6 in. 12 ft 3 in 
Inside length, ft 32 46 
Thickness, in. 9g 5.4 
Weight, tone 216 (body) 280 (shipping 
weight) 
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Table I-4 (Continued) 











Characteristics PWR BWR 
Heat removal: 

Effective heat-transfer area, sq ft 26,000° 29,600 
Average heat flux, Btu/(hr)(sq ft) 90,000° 108,400 
Maximum heat flux, Btu/(hr)(sq ft) 296,000" 
Average core power density, kw/iiter 49 36 
Maximum fuel temperature, °F 4480 4950 
Maximum fuel-jacket surface temperature, °F 650 590 
Coolant inlet temperature, °F 582 ~509 
Coolant outlet temperature, °F 618 546 
Coolant temperature rise, °F 35.9 
Core inlet velocity (average), ft/sec 12 4.9 
Core exit velocity (maximum), ft/sec ~12 20 
Exit steam weight fraction (average) 0.08 
Exit steam volume fraction (average) 0.53 
Average steam volume fraction in total 

core moderator 0.02 0.18 
Reactor pressure drop, psi 17° 16° 

Nuclear characteristics: 

Fuel irradiation level at discharge, Mwd/metric ton 13,000 15,000 
Initial enrichment, at.% U*® 91 

Inner zone, at.% uU™ 2.6 

Outer zone, at.% U® 3.4 
Discharge enrichment, at.% us 0.69 

Inner zone, at.% U™ 1.4 

Outer zone, at.% u*™ 2.2 
Discharge Pu concentration, at.% Pu 0.625 

Inner zone, at.% Pu 0.81 

Outer zone, at.% Pu 0.63 
Average conversion ratio 0.68 ).728 
Fraction of energy from U7 0.70 568 
Fraction of energy from U?™® 0.10 0.048 
Fraction of energy from Pu 0.20 0.40° 
Excess reactivity, keff—1: 

Hot, equilibrium Xe and Sm, beginning of life 0.002 

Equilibrium Xe and Sm 0.016 

Cold to hot 0.058 

Net increase due to boron burn-out 0.028 

Maximum cold, unpoisoned excess 0.104 0.26 
Power peaking factors 

Axial 1.44 

Radial 1.35 

Local 1.24 

Azimuthal 1.23 

Product 3.0 
Temperature coefficient of reactivity, 

3 x 10 


Ak/k per °F 


4Nominal, with control-rod followers in 
>Control clusters half inserted. 
“During design transient. 

4Over-all reactor. 

€Net core. 

f Average for batch, equilibrium cycle. 


Estimated by editor from discharge composition. 
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yielding a high negative steam coefficient of 
reactivity which would hardly be acceptable in 
the true “boiling reactor.’’ This “undermodera- 
tion’’ is responsible for many of the other de- 
sign features. It requires rather high enrich- 
ment but at the same time makes possible a 
reasonably high conversion ratio even when 
steel is used as the structural material. It 
makes possible relatively long fuel life without 
a large reactivity change simply because the 
u**5 content of the core is high enough that the 
design fuel life of 13,000 Mwd/ton does not 
represent a large fractional burn-up of the 
initial fissionable material. The rather high 
enrichment of the fuel prevents the fissioning 
of very much of the converted plutonium, but a 
relatively high fraction of the power (10 per 
cent) is produced by fast fission of the U*. 
The use of some kind of “fast-neutron’’ control 
rod becomes very attractive because of the high 
ratio of epithermal- to thermal-neutron flux. 

The boiling reactor is restricted to higher 
moderator to fuel ratios by considerations of 
steam coefficient of reactivity and can utilize 
effectively the larger coolant channels which 
characterize these ratios since it depends not 
on coolant velocity but on steam formation to 
achieve high heat-transfer coefficients. It 
achieves a good conversion ratio through the 
use of low-absorption fuel jackets (Zircaloy) 
despite the lower concentration of fissionable 
isotope in the core. 

The differences discussed above are high- 
lighted further by the studies that were made 
in each case to compare Zircaloy and stainless 
steel as fuel-jacket materials. As might be 
expected, the pressurized-water study indicated 
that steel may be the more economical ma- 
terial, even for long fuel burn-up, whereas the 
boiling-water study indicated that Zircaloy is 
preferable as soon as reasonably long burn- 
ups can be utilized. 


The Organic-cooled Plant 


Since the organic-cooled concept’ has not 
developed to the stage that standard design 
features have evolved, the design developed in 
the Bechtel—Atomics International study will 
be discussed in somewhat more detail than was 
the case for the water-cooled reactors. (The 
discussion of the Organic Moderated Reactor 
Experiment (OMRE), Power Reactor Technology, 


1(4): 42-51 (September 1958), may be found 
useful as background information for this study.) 

The reactor selected as the preferred type is 
both cooled and moderated by the organic, 
Santowax-R. The reactor has a thermal ca- 
pacity of 1013 Mw; the plant has a gross elec- 
tric generating capacity of 313 Mw, and the net 
capacity is 300 Mw, the net thermal efficiency 
being 29.6 per cent. The moderator-coolant 
flows through the reactor at a rate of 54.5 x 
10° lb/hr, at an average pressure of 27 psia; it 
enters at a temperature of 550°F and leaves 
the reactor at an average temperature of 675°F. 
The external coolant system is divided into 
four parallel loops, each with its own pump and 
boiler, in which superheated steam is generated 
at 615 psia and 650°F (161°F superheat). The 
primary loop also includes purification, degasi- 
fication, and gas-handling systems. The purifi- 
cation system controls the concentration of high 
boiler compound to a maximum of 30 wt% and 
cleans the new coolant make-up by continuous 
distillation. The full-power make-up flow rate 
is estimated to be 1105 lb/hr. 

The reactor core is roughly a cylinder, ap- 
proximately 11 ft in diameter and 12 ft high. It 
is made up of 352 fuel assemblies. Each fuel 
assembly is composed of 100 extended-surface 
rods inside a 5.125-in.-square stainless-steel 
box of wall thickness 0.035 in. The fuel rods 
contain UO, pellets 0.3 in. in diameter in jack- 
ets of sintered aluminum powder which are 
formed with 10 spiral fins approximately 0.1 in. 
high. The finned elements are close-packed in 
the steel boxes. The finned jackets are com- 
posed of Alcoa N-257 sintered aluminum powder 
(SAP). This material is an aluminum-Al,O, 
matrix (approximately 7 per cent Al,O;) and is 
stated to have much better creep rupture 
properties at elevated temperature than ordi- 
nary aluminum. Some of the physical proper- 
ties of the fuel and the cladding materials are 
given in Table I-5. Table I-6 lists character- 
istics of an organic-cooled and -moderated 
plant. 

The fuel is enriched to 2.5 at.% U**®, and the 
total core loading is 52,000 kg of uranium. The 
initial excess reactivity of 12.6 per cent (hot 
and clean) is expected to yield an average fuel 
life of 15,000 Mwd/metric ton of contained ura- 
nium on an inward-flow zone-reloading cycle. 
For reloading purposes the core is divided into 
three coaxial regions containing equal numbers 
of fuel elements. In reloading, the central zone 
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Table I-5 PHYSICAL PROPERTIES OF UO, AND SINTERED- ALUMINUM POWDER? 








Property UO, SAP 
Melting point, °F 5072 ~1200 
Thermal conductivity, Btu/(hr)(ft)(°F) 1.47 114 
(at 1200°F) 
Density, g/cm’: 
Theoretical 10.96 2.76 
Actual 10.50 2.73 
Coefficient of thermal expansion, in./(in.)(°F) 5.55 x 107* 13.6 x 107° 
(0 to 1000°C) (70 to 850°F) 
Specific heat, cal/(g)(°C) 0.059 ~0.21 


11,500 (at 850°F) 
10,800 (at 850°F) 


Tensile strength, psi 
Yield strength, psi 





Table I-6 CHARACTERISTICS OF ORGANIC-COOLED AND -MODERATED PLANT? 





Over-all characteristics: Heat removal: 
Reactor thermal power, Mw 1013 Surface area of fuel rod, sq ft/ft 0.199 
Gross electrical capability, Mw 313 Effectiveness of surface area 0.95 
Net electrical capability, Mw 300 Average heat flux, Btu/(hr)(sq ft) 39,500 
Net efficiency, % 29.6 Maximum heat flux, Btu/(hr)(sq ft) 139,000 
Steam flow, 10° lb/hr 3.45 Burn-out heat flux, Btu/(hr)(sq ft) 300,000 
Core coolant flow, 10° lb/hr 54.45 Maximum fuel temperature, °F 3770 
Reactor internal pressure (average), 27 Maximum jacket-surface temperature, 849 
psia be 
Steam pressure, psia 600 Coolant inlet temperature, °F 550 
Steam temperature, °F 650 Coolant exit temperature (mixed 675 
Feed-water return temperature, °F 400 mean), °F 
Coolant exit temperature (maximum 775 
Fuel and core assembly: local), °F 
Fuel material UO; Saturation temperature at core 800 
Weight of UO, in core, lb 130,000 center, °F 
Weight of U** in core, kg 1290 Coolant flow velocity (average), 7.02 
Moderator Santowax-R ft/sec 
(CigHy) Coolant flow velocity (maximum), 9.12 
Volume of moderator /volume of fuel 2.90* ft /aec 
Fuel-pellet diameter, in. 0.30 Reactor pressure drop, psi 19 
Number of segments per fuel rod 2 Nucl eS ree 
: uclear characteristi 
Number of fuel rods awk assembly i Fuel irradiation level at discharge, 
Number of fuel assemblies 352 Sita acsttic don 15,000 
Fuel-assembly shape : : —ee i Initial enrichment, at.% U** 2.5 
Cross-sectional dimensions, in. 5’ by 5'% Caseieinieth wethe 0.66 
Length of fueled section, _ 144 Initial reactivity, hot and clean, 
Equivalent core diameter, in. 132 Akest /Rett 0.126 
Control-rod type Gna: Equilibrium Xe and Sm, Akeff /Reff —0.034 
Control-rod absorber Eu,0, + B Average fuel temperature, °F 1190 
Span, in. T and 9 Average moderator temperature, °F 610 
Fuel temperature coefficient (at 
Reactor weaned: 1190°F), Mk/*F —~0.19 x 1074 
pemertal F a pag iia Moderator temperature coefficient (at 
Inside diameter (core region) 13 ft 6 in. 610°F), Ak/*F —~1.37 x 1074 
— ‘ = elt Total control-rod worth, AR es /P ex¢ —0.20 
Eetcmness, in. Th Maximum /average power ratios: 
Axial <1.46 
Radial <1.30 
Within fuel assembly 1.14 to 1.44 








* Unit cell without control rod or follower. 
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is unloaded, the remaining fuel is shifted in- 
ward into the unloaded zone, and new fuel is 
added in the outer zone. This system of fuel 
programming and the programming of control 
rods are expected to yield significant flux 
flattening. 

The 61 cruciform control rods are driven 
from below. Some of the rods have a span of 
7 in., and others have a span of 9 in. Some of 
the rods also are of fractional core length to 
assist in axial flattening of power. 

For refueling, a system of submerged han- 
dling is used for the spent fuel elements. An 
indexed fuel-handling machine is mounted at 
the top of the reactor vessel, and it grapples 
for the fuel elements. After an element is 
raised out of the core, it is turned to a hori- 
zontal position by a special pivot mechanism 
that is inserted ‘into the vessel only during the 
handling operation, and the fuel element is 
passed out through a fuel-transfer tube which 
penetrates the wall of the vessel horizontally. 
The fuel-transfer tube leads to a fuel wash cell, 
which acts as a buffer zone for translating the 
fuel element from the organic environment to a 
water environment. The element passes from 
the wash cell to a water-filled storage pool. 

The core coolant system is a single-pass 
system with flow in the upwarddirection. Fuel- 
element heat transfer is effected by both con- 
vective and subcooled boiling heat transfer, the 
latter prevailing only at the surfaces of the 
higher power fuel pins. The design criteria for 
the core coolant system are as follows: 

1. The maximum allowed surface temperature 
is 850°F. This limitation is imposed by sur- 
face fouling due to the thermal decomposition 
of the organic coolant. 

2. The maximum UO, temperature is 4000°F. 

3. A maximum heat flux not greater than 
one-half the burn-out heat flux is used. 

4. No bulk boiling is permitted in any part of 
the core. 


The burn-out heat flux for Santowax-R with 
30 per cent high boiler compound was calculated 
using the lower band (—33 per cent of the mean 
burn-out heat flux data) of the Griffith correla- 
tion. (The following reference was cited in the 
design study report: P. Griffith, The Correla- 
tion of Nucleate Boiling Burn-out Data, ASME 
Paper No. 57-HT-21, August 1957.) The burn- 
out heat fluxes for Santowax-R, ortho-meta- 
terphenyl mixtures, and diphenyl, which have 


been experimentally determined, are stated to 
be correlated by this correlation. 


The steam plant includes a high-pressure 
turbine cylinder expanding the superheated 
steam from 615 psia and 650°F to 127 psia and 
a low-pressure cylinder expanding the steam 
from 124 psia to a condenser pressure of 1.5 
in. Hg abs. The superheating of the steam is 
apparently high enough to eliminate the neces- 
sity for moisture separation during the expan- 
sion. Five stages of regenerative feed-water 
heating are used, the final feed-water tempera- 
ture being 400°F. 

Since the melting point of Santowax-R is ap- 
proximately 300°F, means must be provided 
for heating the Santowax system when or where 
reactor power is not available for this purpose. 
All lines and equipment containing Santowax, 
except the reactor and steam generating equip- 
ment, are heated by a continuously operating 
200-psig steam system. The steam-generating 
equipment is heated, when necessary, by cir- 
culating hot pressurized water through the 
steam side, and the reactor is preheated ini- 
tially by circulating hot air at 500°F through 
temporary ducting. 

The containment building consists of a cir- 
cular reinforced concrete structure 194 ft in 
diameter, rising 63 ft above grade. Itis crowned 
by an insulated hemispherical steel dome 190 ft 
in diameter. Complete containment is provided 
by joining the steel dome to a continuous steel 
lining attached to the concrete and extending 
below grade to provide a continuous gastight 
envelope. The structure is designed for an 
internal pressure of 8 psig. It houses the re- 
actor and main coolant loops, steam generators, 
reactor drain tanks, spent-fuel storage pool, 
new fuel storage racks, fuel-handling gantries, 
coolant-processing system, and a heavy service 
gantry crane. 


In many ways the organic-cooled and -mod- 
erated reactor might be thought of as similar 
to a pressurized-water reactor with the char- 
acteristic that only very low pressurization is 
needed. There are, however, some significant 
points of difference which affect the design 
variables in arriving at an optimized reactor 
design. Most of these are related to the char- 
acteristics of the organic material used, par- 
ticularly to those characteristics which deter- 
mine the rate of decomposition under high 
temperature and irradiation and those which 
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determine the heat-transfer and heat-transport 
performance. 

As a result of rather extensive investigations, 
Santowax-R has been selected as a commer- 
cially available material suitable for use asa 
reactor coolant. This isa mixture of terphenyls, 
consisting of approximately 10 per cent ortho- 
terphenyl, 60 per cent metaterphenyl, and 30 
per cent paraterphenyl. Like all organics, it 
is subject to radiolytic and pyrolytic damage. 
The chemical change which takes place, and 
which is normally referred to as decomposi- 
tion, is primarily a polymerization to form 
compounds that have higher boiling points than 
the constituents of Santowax-R. The presence 
of these high-boiling compounds (usually ab- 
breviated HBC) degrades the heat-transfer and 
flow properties of the mixture. At the same 
time, the net rate of formation of HBC de- 
creases as the HBC content of the mixture in- 
creases. Experience has indicated that a prac- 
tical operating mixture is one that contains 
30 per cent HBC, and the purification system 
of the reactor is designed to maintain this 
composition as an equilibrium value by re- 
moving HBC at an appropriate rate and adding 
make-up of Santowax-R. 

The rate of decomposition of the organic is 
affected both by the intensity of irradiation to 
which it is exposed and by the temperature. 
Either radiation or high temperature alone can 
cause decomposition, but evidence has not been 
published to show that the two effects are 
entirely independent. The radiation responsible 
for the decomposition in a reactor is that of 
fast neutrons and gamma rays. The rate of 
decomposition by irradiation is usually ex- 
pressed as a value of G», where Gy» is the net 
number of molecules of HBC formed per 100 
electron volts of radiation energy absorbed by 
the organic. Experiments to date have indicated 
that Gp is roughly the same for gamma rays 
and fast neutrons. In order to estimate the rate 
of organic decomposition in a reactor, it is 
therefore necessary to estimate both a value of 
Gp and a value for the amount of radiation 
energy absorbed by the organic per unit of heat 
energy produced in the reactor. Since the 
average production of neutron and gamma-ray 
energy per fission is a constant that is char- 
acteristic of the fissionable material, the only 
way of reducing the energy absorbed by the 
organic per fission (or per unit of useful heat 
generation) is to introduce into the reactor 


core other materials which will compete with 
the organic for absorption of the radiation. 


Uranium is a quite effective gamma-ray ab- 
sorber and may be counted on to absorp some 
of the energy of very fast neutrons by inelastic 
scattering. Consequently, reactors that have 
high ratios of uranium to organic will have 
lower fractional rates of absorption in the 
organic than will reactors that use relatively 
smaller fractions of fuel. A further means of 
reducing the organic energy absorption is 
through the use of some other material as 
moderator, with the organic used only as cool- 
ant. In the reference reactor design, the fol- 
lowing statement was made as to the estimate 
of organic decomposition and replacement: 


Using a Gy» value of 0.07 molecule of HBC formed 
per 100 ev of energy absorbed, and a 4 per cent 
energy absorption in the coolant, the radiolytic 
damage rate is 1.0641b per thermal megawatt-hour. 
For the 1013-Mwi(t) reactor, this is equivalent to 
25,980 lb/24 hr. The total system volume is 190,000 
gal, of which approximately 130,000 gal is at an av- 
erage bulk temperature of 675°F and 60,000 gal is 
at 550°F. Also, it is estimated that the entire cool- 
ant feels an average surface temperature of 745°F 
approximately 0.03 per cent of the time. The py- 
rolytic damage rates are 0.00010 wt.%/hr at 550°F, 
0.0023 wt.%/hr at 675°F, and 0.0135 wt.%/hr at 
745° F; hence, the total pyrolytic damage is approxi- 
mately 26,750 lb/24 hr or 1105 lb/hr. Using $0.17 
per pound for new coolant, the coolant make-up 
cost is 0.63 mill/kw-hr. 


It is evident that the cost of organic make-up 
can make a significant contribution to the 
power-generation cost. The estimation of both 
the Gp value and the fractional energy absorp- 
tion by the organic are therefore of consider- 
able importance. The results of preliminary 
operation of the OMRE were reported to yield 
a decomposition rate of 75.5 lb per megawatt- 
day of thermal power generation. In the OMRE, 
where the fraction of power absorbed as radia- 
tion power by the organic coolant is estimated 
to be 8.4 per cent, this would correspond to a 
G» of approximately 0.1. A later report to the 
Joint Congressional Committee on Atomic En- 
ergy’ appeared to indicate somewhat higher 
decomposition rates based on further operation 
of the OMRE (86, 90, and 125 lb per megawatt- 
day at coolant temperatures of 600, 650 to 670, 
and 700°F, respectively, with the fuel surface 
at 750°F in each case). It is not clear, how- 
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ever, what the percentage of-HBC was for these 
tests. 

The other question related to decomposition 
concerns the equipment and operation necessary 
to remove the HBC at a rate which will maintain 
the desired organic composition. The following 
description of the purification system is quoted 
from the design study:” 


The coolant purification system has two functions: 
the control of the HBC content of the heat-transfer 
system and the removal of particulate matter from 
the coolant make-up streams. 

The HBC content of the reactor coolant is con- 
trolled to approximately 30 wt.% by processing a 
stream of coolant from the reactor through two 
parallel half-capacity distillation columns. The 
rate of processing is determined by the rate of HBC 
formed by the radiolytic and pyrolytic damage in 
the reactor. The coolant from the main heat- 
transfer system is mixed with a side stream of 
new coolant make-up, and the mixture is heated by 
a 5-kw heater to about 700°F before going to the 
flash section of the distillation columns. Maintain- 
ing the still pressure at 1 psia causes approxi- 
mately 68 per cent of the feed to flash to vapor. The 
remaining liquid flows down through the lower 
packed section to the heated still bottom to effec- 
tively strip most of the coolant from the HBC and 
particulate matter. The HBC then flows by gravity 
from the column into one of two 3500-gal purifi- 
cation-waste receiver tanks. The tanks are filled 
and drained alternately once a day. The HBC is 
then pumped by a gear pump to the HBC decay stor- 
age tanks in the liquid-organic waste-handling 
system. 

Vapors leaving the stills flow to each of the half- 
capacity still condensers where most of the coolant 
vapors are condensed. The temperature in these 
condensers must be high enough to keep the con- 
densed coolant ina liquid state; thus a pressurized- 
water cooling system is used which is maintained 
at a saturation temperature corresponding to 50 
psia. The heat is transferred in a conventional ex- 
changer to the plant service water. The condensed 
organic material drains to one of two 2500-gal pu- 
rification-product receiver tanks. 

Only a small amount of organic is in the vapor 
stream leaving the condenser, and this concentra- 
tion is reduced in one of two full-capacity freeze 
traps. The freeze traps are horizontally mounted 
finned-tube condensers with service water flowing 
through the tubes at the coolant temperature. The 
organic material freezes out on the convection sur- 
faces for a 24-hr period. At the end of this time, 
the alternate trap is placedin service andthe fouled 
trap is taken off stream. The steam tracing on the 
body of the trap will heat the unit to melt the or- 
ganic material, which will then drain to one of the 


purification-product receiver tanks. One of four 
20 gal/min coolant make-up pumps transfers the 
purified coolant from the purification-product re- 
ceiver tank to the suction of the coolant pressuriz- 
ing pumps in the degasification system. 

The constitution of the noncondensable gases 
leaving the freeze traps is water vapor, nitrogen, 
hydrogen, and a small amount of organic material. 
The water is removed in the water condenser be- 
fore the gases pass through the vacuum pump to the 
gas-handling system. Vacuum in the stills, con- 
densers, and freeze traps is maintained by two 10 
scfm rotary vacuum pumps provided in parallel 
arrangement with one pump as a spare. 


With regard to heat transfer, the polyphenyls 
are considerably poorer than water; the most 
significant difference is in the heat-transfer 
coefficients attainable with a given flow velocity. 
These appear to be four to five times lower for 
the polyphenyls than for water. It is for this 
reason that a finned fuel-element jacket of high- 
conductivity material is particularly attractive 
for this reactor type. When heat-transfer coef- 
ficients are low and heat fluxes are necessarily 
relatively high, the film temperature drops be- 
come relatively high, and the effects of power 
peaks and hot channel factors are proportion- 
ately emphasized. It is for this reason again 
that the use of surface boiling in the hottest fuel 
channels appears particularly attractive. 

Both of these design features are recognized 
in the design study as technological advances 
which will require research and development, 
and the AEC evaluation points out that the 
favorable performance of the reference design 
depends strongly on the successful accomplish- 
ment of these developments, inasmuch as it is 
estimated that the plant as designed would be 
capable of only 42 per cent of its design ca- 
pacity in the event that nucleate boiling and 
SAP cladding proved infeasible. The status of 
these two technological advances is indicated 
by the following quotations from the design 
study:? 


Two principal technological advances are incor- 
porated into the reactor design. First is the utili- 
zation of nucleate boiling in the hot channels. Sub- 
cooled nucleate boiling tests utilizing OMRE coolants 
with 30 per cent HBC at conditions equal to OMCR 
design limits have shown that the heat-transfer 
coefficient follows established correlations. There 
has not been sufficient time to develop heat-transfer 
data in the subcooled boiling range, but current 
tests conducted under the advanced OMR program 
are demonstrating results comparable to forced 
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convective cooled systems. The second advance is 
the use of sintered aluminum powder (SAP) as the 
fuel cladding material. In regard to SAP, it has 
been successfully fabricated into a variety of ob- 
jects, including fuel-element cladding shapes; 
welded and hot-pressed tube closures have been 
made and tested satisfactorily, porosity tests have 
been performed, compatibility tests with UO, have 
been successfully completed, and stability under 
irradiation has been demonstrated to be superior to 
type 304 stainless steel. A definitive development 
program on SAP as fuel cladding material, includ- 
ing fabrication techniques and heat-transfer tests, 
should yield necessary data for the reactor in time 
to meet construction schedules. 


As part of the design optimization study, 
organic-cooled reactors employing other mod- 
erators were investigated. The results of the 
investigation of the relative economics of sev- 
eral types are summarized in Table I-7. The 
organic-moderated system was selected as the 
preferred type both because of its lower indi- 
cated power cost and because its technology is 
closer to that which has already been established 
in the OMRE. 


natural uranium. In general these reactors 
will be characterized by high ratios of mod- 
erator to fuel, the large moderator fraction 
being necessary to reduce the resonance ab- 
sorption of neutrons by U*** sufficiently to per- 
mit criticality. The high ratio means that the 
reactor will be large and that the D,O inventory 
will be large for a given reactor power rating. 
It may be expected, at least with existing tech- 
nology, that specific powers relative to D,O 
inventory will be rather low for natural-ura- 
nium reactors. Under this circumstance the 
economic performance of the natural-uranium 
reactor relative to other reactors can be 
greatly affected by the rate of charge for D,O 
inventory. It will be noted in Table I-2 that the 
D,O inventory charge, at 12.5 per cent per 
year, amounts to 1.5 mill/kw-hr and accounts 
for a major portion of the power-cost difference 
between the heavy-water reactor and the other 
reactors. It will be difficult for the heavy- 
water reactor to overcome such a fixed cost 
differential. 

If enriched fuel is used in the natural-ura- 
nium reactor, it can do no more than lengthen 


Table I-7 SUMMARY OF ORGANIC-COOLED-REACTOR SYSTEMS’ 





D,O moderated 








ZrH Graphite Organic 

moderated moderated moderated Natural Enriched 
Gross electric output, Mw 300 300 300 300 300 
Net electric output, Mw 288 285 291 286 286 
Reactor thermal power, Mw 941 937 943 988 988 
Reference fuel UO, UO, UO, U-3.5% Mo U-3.5% Mo 
Initial enrichment, % ~2.3 ~1.8 ~2.3 0.71 0.98 
Core size, ft 11.7D x 12.6 20 x 20 x 20 12x12 24D x 24 24D x 24 
Fuel inventory, kg U 38,000 46,000 53,000 225,000 225,000 
Initial conversion ratio ~0.5 ~0.54 ~0.6 ~0.88 ~0.83 
Specific power, kw(t)/kg U 24.5 20 18.0 4.5 4.5 
Anticipated average burn-up, Mwd/metric ton 15,000 15,000 15,000 4,000 7,000 
Estimated fuel cost, mills/kw-hr 2.83 2.67 2.75 2.5 2.13 
Average comparative power cost, mills/kw-hr 7.96 7.80 7.49 9.23 8.86 





Heavy-water Reactors 


This study‘ was, in effect, a natural-uranium 
reactor study, but, although the ground rules 
stated that “the reactor may be optimized for 
enriched fuel but must be capable of operation 
on natural uranium,’’ it is doubtful that a re- 
actor capable of operation on natural uranium 
will ever be the optimum reactor for operation 
with enriched fuel. 

Heavy-water-moderated reactors of a num- 
ber of types may be designed to operate on 


the fuel life. If, however, the reactor is de- 
signed for slightly enriched fuel, the moderator 
to fuel ratio can be decreased, and the reactor 
size and D,O inventory will decrease. It should 
be noted that this design change does not lower 
the neutron economy but increases it slightly 
instead, and the fuel cycle may be no less at- 
tractive than that of the natural-uranium reac- 
tor fueled with slightly enriched material. 
Since no heavy-water power reactor has yet 
been built, the cost projections for a hypotheti- 
cal large reactor started in 1960 must be rather 
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speculative. Furthermore, some of the more 
promising D,O types depend on the results of 
development programs which will not be com- 
pleted by 1960. 

The Sargent & Lundy study considered D,O 
reactors of six types: pressurized D,O cooled, 
in both pressure-vessel and pressure-tube ar- 
rangements; boiling D,O cooled, in both pres- 
sure-vessel and pressure-tube arrangements; 
and organic cooled and gas cooled, in the 
pressure-tube arrangement. All the plants were 
sized for substantially the same electrical ca- 
pacity (200 Mw), and pressure-vessel sizes 
were assumed to be limited by shop fabrication 
facilities rather than by transportation require- 
ments. 

The type judged to have the greatest promise 
of producing low-cost power in the near future 
was the boiling D,O-cooled type with the D,O 
steam passed directly to the turbine. The 
pressure-tube configuration was chosen for its 
greater potentialities in very large-capacity 
units, although the estimated power-cost dif- 
ference between the vessel and tube configura- 
tions was small at the 200 Mw/(e) level. 

The design of the pressure-tube boiling reac- 
tor used for the comparison with other D,O 
types is described briefly in the following 
paragraphs. Some modifications, which are dis- 
cussed later, were made in the design before 
the comparison with non-D,O types was made. 

The reactor consists of a low-pressure alu- 
minum calandria containing the cold D,O mod- 
erator. The thin-walled aluminum calandria 
tubes, which contain 268 vertical Zircaloy-2 
pressure tubes, are arranged in a regular 
hexagonal lattice. The pressure tubes contain 
the fuel elements and the D,O coolant. They 
are separated from the calandria tubes by an 
annular air gap which serves as an insulating 
barrier between the high-temperature coolant 
and the cold moderator. The moderator is 
maintained at a maximum temperature of 200°F 
by forced circulation through heat exchangers. 

The axes of the pressure tubes are vertical, 
and the coolant enters the tubes at the bottom 
through a header-pigtail distribution system at 
476°F. The coolant boils in the pressure tubes; 
it leaves at a temperature of 515°F and ata 
steam quality of 14 per cent. The steam-water 
mixture rises to drums above the reactor, 
where the steam is separated and fed directly 
to the turbine at 765 psi, dry and saturated. 
Approximately 16 x 10° lb/hr of D,O is force- 


recirculated from the steam drums to the re- 
actor inlet; the total steam flow to the turbine 
is 2.54x 10° lb/hr for a net electrical output 
of 208 Mw. The D,O from the condenser is 
returned to the reactor by condensate pumps 
and reactor feed-water pumps. The feed water 
is heated to 194°F by one stage of feed-water 
heating before it is mixed with the recirculated 
water being returned to the reactor. The mixed- 
mean temperature of the reactor feed water is 
475°F. 

The fuel elements are of UO, rods, '/ in. in 
diameter, clad with Zircaloy and assembled 
into 37-rod clusters. They operate at a maxi- 
mum central fuel temperature of 4000°F, a 
maximum cladding temperature of 500°F, and 
a maximum heat flux of 325,000 Btu/(hr)(sq ft). 

Twelve shim rods and seven regulating rods 
are provided for reactivity control, and there 
are 19 additional safety rods for scram. The 
rods are actuated from the top of the reactor. 

The containment shell is a 190-ft-diameter 
steel sphere designed for a pressure of 25 psia. 
It contains the reactor, steam drums, and 
auxiliaries, but the turbine, generator, con- 
denser, and turbine auxiliaries are housed in 
an adjoining turbine building. 

The turbine is a nominal 220-Mw(e), 1800- 
rpm, tandem compound, double-flow, extraction 
steam turbine designed for operation with satu- 
rated steam at 765 psia with an exhaust pres- 
sure of 3'/, in. Hg abs. Conventional materials 
are used in the turbine and condenser, except 
for the turbine seals, which must be specially 
developed for low D,O leakage. The condenser 
is a single-pass, double-tube sheet design with 
aluminum tubes. Carbon-steel piping is usedin 
the main steam and condensate system. Full- 
flow condensate demineralizers are provided 
for the removal of corrosion products. Glands 
on the valves, pump, and turbine must be of 
special design to limit and collect any D,O 
leakage. 

After selection of the pressure-tube boiling 
reactor as the preferred type, a further design 
study was made which resulted in several design 
changes leading to improved performance. 

1. The reactor was redesigned to provide 
bottom-driven control rods. This modification 
eliminates interference of the control-rod drives 
with the refueling operations, and simplifies 
the arrangement of the D,O-coolant cross-core 
headers in the upper end of the reactor. In- 
creased clearance in the upper header room 
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was also provided in the redesign to allow for 
the use of a device to accomplish on-power 
refueling if such a refueling machine is de- 
veloped. 

2. The steam system was modified by the 
addition of two pairs of low-pressure, and one 
pair of high-pressure, feed-water heaters to 
raise the final feed-water temperature from 
the original value of 194°F to 387°F. With the 
new conditions, the steam conditions at the 
turbine throttle are 765 psia, dry and saturated, 
with a throttle flow rate of 3,271,500 lb/hr at a 
condenser pressure of 3.5 in. Hg abs., yielding 
a generator gross output of 220,000 kw and a 
net output of approximately 206,000 kw. The 
thermal efficiency of the plant increased from 
25.08 to 26.15 per cent. A further increase, to 
28 per cent, was made in the AEC evaluation in 
order to compare with the non-D,O reactors, 
which were estimated on the basis of a con- 
denser backpressure of 1.5 in. Hg abs. 

3. A more detailed study of possible D,O 
losses was made. This study led to anestimate 
of a loss of 10 per cent of the D,O inventory per 
year from the reactor system. It was further 
estimated that this loss would be recovered 
with 90 per cent efficiency by the ventilation and 
collection system, giving a net loss of 1 per 
cent per year. This figure was arbitrarily 
doubled for the final cost estimate in order to 
allow for spills and operating errors. The as- 
sumed loss for all the reactors in the com- 
parison study had been 4 per cent per year. 
The loss of 2 per cent per year corresponds to 
an annual make-up cost of $358,000. Operation 
of the distillation plant for removal of H,O con- 
tamination was estimated at $4000 per year, 
giving a total annual cost of $362,000 for leak- 
age and contamination of heavy water. 

4. The refueling cycle was reconsidered, and 
a cycle that yields a much longer fuel lifetime 
was chosen. The cycle selected, which is des- 
ignated the four-zone outward-radial-shift cycle 
with axial inversion, will require two shut- 
downs per year, and is estimated to result ina 
reduction of fuel cost to 2.72 mill/kw-hr, a re- 
duction of 1.65 mill/kw-hr over the original 
scheme. It is stated that with on-power re- 
fueling, a 10-zone refueling scheme would be 
feasible and would reduce fuel costs with natu- 
ral uranium to an estimated 1.15 mills/kw-hr. 


In the outward-radial-shift refueling cycle, 
the fuel is divided into a number of coaxial 


zones of equalvolume. When refueling is neces- 
sary, fuel from the outermost zone is dis- 
charged from the reactor, fuel from each zone 
is moved to the next outward radial zone, and 
the fresh fuel is introduced into the central 
region. The reactor is then operated until its 
reactivity falls to the minimum necessary for 
operation, and the reloading procedure is re- 
peated. Outward radial shift with axial inversion 
is the same, except that the fuel, in addition to 
being moved outward, is inverted axially. This 
is accomplished in the boiling-D,O design by 
the use of a two-piece fuel element in which the 
top and bottom pieces are reloaded so as to 
become the bottom and top pieces, respectively. 
This results in the relocation of fuel that has 
been subjected to high burn-up in the preceding 
cycle to the end of the reactor, where the burn- 
up will be low, for the succeeding cycle. 


Table I-8 EFFECT‘ OF REFUELING CYCLE ON 
BURN-UP ATTAINABLE WITH NATURAL UO, 








Number Average burn-up, 
Type of refueling cycle of zones Mwd/ metric ton 
No shift 1 3200 
2 3840 
3 4600 
5 5300 
10 6300 
Outward radial shift 2 4870 
3 6100 
5 7600 
10 8600 
Outward radial shift and 2 5200 
axial inversion 3 6600 
5 8300 
10 9700 
Continuous countercurrent 9200 
(bidirectional push- 
through) 





Table I-8 shows the results of the analysis of 
the effects of various refueling cycles on the 
attainable burn-up with natural uranium. Quite 
obviously the selection of a favorable refueling 
cycle can lead to substantial improvements in 
fuel life. The outward-radial-shift program 
gives what must be close to the maximum at- 
tainable burn-up because it places the fresh 
fuel in the region of highest reactivity impor- 
tance. Its disadvantage is that it accentuates 
the power peaking at the center of the reactor. 
Although this characteristic was mentioned in 
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the study report, no discussion of the magnitude 
of the effect was given. In a fully optimized 
design, the effects on power distribution must 
be balanced against the effects on fuel lifetime 
in choosing the refueling cycle. 

The major areas in which development is 
needed for the pressure-tube boiling-D,O re- 
actor are stated in the design study to be: 


i. The production of Zircaloy pressure tubes. 
Seamless tubes are desired for this applica- 
tion. The AEC evaluation points out that the 
fabrication of pressure tubes has been actively 
under investigation at several sites. It also 
points out that there is considerable uncertainty 
as to the life of such pressure tubes in the 
proposed design because they will be in contact 
with hot water for the entire tube life (reactor 
life up to 20 years). 

2. End connections for the Zircaloy-2 pres- 
sure tubes. This problem of a Zircaloy— stain- 
less steel transition joint also exists in several 
reactors presently under development. 

3. Turbine shaft seals. The turbine shaft 
seals and other glands in the D,O coolant and 
steam systems must be designed for extremely 
low leakage in order to avoid excessive loss of 
D,O. It is possible that this problem may be a 
very difficult one. 


An interesting feature of the design has to do 
with the void coefficient of reactivity. The fol- 
lowing statements are made:° “At the operating 
temperature the coolant void coefficient of re- 
activity is slightly positive but becomes negative 
at slightly higher temperatures. This relation 
between voids and reactivity results in a reac- 
tor which is load-following for smail changes 
but which is self-limiting in the event ofa large 
load transient.’’ The possibility of a positive 
void coefficient of reactivity has generally been 
recognized in designs of D,O-cooled and -mod- 
erated reactors, and it is usually regarded as 
a hazard. Although the positive void coefficient 
in a boiling reactor supplies a tendency toward 
load matching, it is not obvious that stable 
operation with automatic load matching neces- 
sarily follows. An analysis of this character- 
istic in some detail would be of considerable 
general interest to boiling-reactor designers 
since it is possible to design most boiling re- 
actors with a void coefficient that will change 
from positive to negative in the operating range. 
Indeed, such a design allows operation with a 
relatively small amount of reactivity compen- 


sated by steam voids, which in many cases is 
desirable. If there are further advantages to 
be gained in the area of power matching, the 
possibilities of such operation should perhaps 
be investigated in some detail. 

In the comparison study of D,O-moderated 
types, certain ground rules that were used 
deserve some comment in addition to that 
already made. The annual fixed charge on the 
D,O was taken as 11.5 per cent. The rate of 
charge affects the relative estimated power 
costs of the several reactors since a high fixed 
charge will penalize the reactors of low specific 
power relative to those of higher specific power. 
The D,O losses from leakage were assumed to 
be 4 per cent of the system content per year 
for all systems. It is difficult to arrive at a 
reasonable assumption for D,O losses in com- 
parisons of reactor types. Although the prac- 
tice of assigning a leakage rate as a percentage 
of the total volume has been rather general, 
there is no very good reason to suppose that 
the leakage rate will be proportional to the 
volume for systems of different types. In par- 
ticular, it does not seem probable that the 
leakage rates for reactors such as the gas- 
cooled and organic-cooled reactors, which do 
not use D,O as coolant, would be as high as 
those which do circulate the D,O as coolant. 

Finally, it may be pointed out again that the 
requirement of construction start by 1960 re- 
quires a fine judgment on the part of the analyst 
as to what reactor systems may be considered. 
In the case of the gas-cooled reactor, this 
judgment led to the selection of a low-tempera- 
ture system, which gave quite poor perform- 
ance. The AEC evaluation made the following 
comment with respect to the gas-cooled reac- 
tor:° 


The gas-cooled concept investigated by the con- 
tractor indicates power costs much higher than 
those predicted for the East Central-Florida West 
Coast (EC-FWC) reactor which is of the same gen- 
eral type. The difference can be explained by dif- 
ferent financing arrangements and different techni- 
cal features. An important technical difference is 
in the coolant temperature used and subsequently 
the thermal efficiency of the plant. Sargent & Lundy 
(S&L) and Nuclear Development Corporation of 
America (NDA) assumed an exit gas temperature of 
600°F as opposed to 1000°F for the EC-FWC. The 
respective thermal efficiencies resulting from these 
coolant temperatures are 20.8 and 33.2. The use of 
higher coolant temperature for the EC-FWC reactor 
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is predicated on the designer’s ability to develop 
internal insulation for the pressure tubes. S&L- 
NDA expressed reasonable doubt that this problem 
could be solved in a way which would permit opera- 
tion with natural uranium on a time schedule con- 
sistent with the ground rules for this study. 


If these restrictions on the generality of the 
studies are borne in mind, it is instructive to 
examine the characteristics of the several D,O 
systems studied. The general arrangements of 
all the tube type reactors were the same; all 
were vertical reactors of the calandria type. 
The characteristics of the reactors are tabu- 
lated in Table I-9. 


There are two design goals which must be 
met if the natural-uranium D,O reactor is to 
show favorable economics: a reasonably long 
reactivity lifetime must be attained, and the 
power density must be high enough that the D,O 
charges are not burdensome. These character- 
istics can probably be attained within the limits 
set by natural-uranium fuel only by considerable 
refinement of design. The natural-uranium re- 
actor differs from most reactors in that rela- 
tively small performance improvements can 
have significant economic effects. A gain of 
1 per cent in reactivity, for example, can result 
in a substantial increase of fuel lifetime and 
a corresponding decrease in the net fuel cost. 
Some of the refinements of design which are 
necessary are of the following types: 

1. The amount of neutron-absorbing material 
in the reactor must be reduced to the bare 
minimum. In the case of the pressure-tube 
arrangement, this means, first, that a balancing 
must be made between, on the one hand, coolant 
volume and pressure (which determine the 
pressure-tube size and wall thickness) and, on 
the other hand, reactivity lifetime. This is 
equivalent to balancing power density and ther- 
mal efficiency against fuel lifetime. Second, 
every effort must be made to find pressure- 
tube materials that are the strongest per unit 
of absorption cross section and to utilize the 
full strength capabilities of the materials chosen. 

2. Avery careful choice of lattice character- 
istics and reflector thickness must be made. 
In the choice of lattice characteristics (funda- 
mentally the moderator to fuel ratio), one may 
again be balancing power density against fuel 
life since the higher moderator to fuel ratios 
tend to give higher reactivity but lower power 
density. In the choice of reflector thickness, 


one is balancing the improvement in power 
density which can be obtained by power flatten- 
ing against the cost of the extra D,O required 
for the reflector. 

3. The specific power must be made as high 
as possible, not only through power flattening 
and fuel-element design but also through opera- 
tion of the fuel at the highest feasible heat 
fluxes. 

4. The refueling cycle must be carefully 
chosen to give the optimum balance between 
power flattening and fuel life. 


These design developments and optimizations 
are of limited value if they represent simply 
analytical studies; in each case the real limiting 
conditions are set by physical limitations. The 
determination of these limitations and the ex- 
tension of them by research and development 
are probably more fruitful than extensive analy- 
ses of the interrelations of the variables. The 
degree to which parasitic neutron losses can 
be reduced is unknown because the feasible 
design strengths for pressure-tube materials 
have not been determined, the long-term per- 
formance of the materials in the reactor en- 
vironment has not been determined, the effects 
of pressure-tube failure have not yet been 
tested, and the possibility of improvements in 
the materials has not been fully investigated. 

Lattice-spacing limitations have not been 
established because they require detailed design 
of the coolant header system, control-rod in- 
stallation, and fuel-changing machines. The 
limitations on specific power are not well 
understood, the mechanism of failure of oxide 
fuel elements is not known, and insufficient 
tests are available of the performance at very 
high heat fluxes. The practical limitations on 


the refueling cycle are not known because they 
can only be determined after the designs of 
fuel-element and fuel-handling machinery have 
been made and after the feasibility of refueling 
under power has been thoroughly explored. 

As stated in the AEC evaluation,’ “...within 
the accuracies of this limited study there ap- 
pears to be little difference in the estimated 
cost of power among the D,O concepts’’ (except 
for the gas-cooled version, which was com- 
mented on above). It is probable that limited 
studies will continue to show (1) little economic 
difference among natural-uranium heavy-water 
concepts and (2) rather poor economic perform- 
ance for all. If gains are to be made, it seems 
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Table I-9 COMPARISON OF D,O-MODERATED REACTORS‘ 





Pressurized Pressurized Boiling D,O, Boiling D,O, Gas cooled, 
D,O, pressure D,O, pressure pressure pressure Organic cooled, pressure 
vessel, tube, tube, vessel, pressure tube, tube, 


indirect cycle 


indirect cycle 


direct cycle 


direct cycle 


indirect cycle 


indirect cycle 





Total thermal 
power, Mw 

Power to reactor 
coolant, Mw(t) 

Power to moderator, 
Mwi(t) 

Gross turbine power, 
Mwie) 

Net plant power, Mw(e) 

Net plant efficiency, % 
(= 5/1) 


Throttle temp., °F 
Throttle pressure, psia 
Steam flow, lb/hr 


Pressure vessel or 
calandria 
Inside diameier, ft 
Height, ft 
Thickness (side), in. 
Thickness (head or tube 
sheet), in. 
Internal volume, cu ft 
Material 
Design stress, psi 
Maximum design 
temp., °F 
Reactor core geometry: 
Active diameter, ft 
Active height, ft 
Active core volume, 
cu ft 
Lattice arrangement 
Lattice spacing, in. 
Total number of 
lattice positions 
No. of fueled lattice 
positions 
No. of control rods 
Moderator volume in 
core, cu ft 
Fuel volume, cu ft 
Coolant volume in 
core, cu ft 
Moderator/fuel 
volume ratio 
Reflector: D,O, 1-ft 
axial and radial 
thickness; D,O volume 
in reflector, cu ft 


790 


790 


220 
205 


26.0 


448 
415 
3.01 x 10° 


Vessel 
19.0 
48.0 
8.5 


11%, 

13,500 

SS clad C.S. 
ASME Code 
650 


16 
24 


4823 
Hexagonal 
10.9 

280 


261 
19 


3770 
317 


358 


11.9 


1800 


Heat Balance 


840 


780 


60 


220 
205 


24.5 


830 


770 


60 


220 
208 


25.1 


Turbine Conditions 


448 
415 
3.01 x 10° 


Reactor Description 


Calandria 
19.8 
20.8 


17.8 
17.8 


4427 
Hexagonal 


11.1 


336 


1370 


515 
765 
2.54 x 10° 


Calandria 
18.4 
20.7 


16.4 
17.7 


3740 
Hexagonal 
bY 


287 


268 
19 


2840 
239 


270 


11.9 


1420 


515 
765 
2.54 x 10° 


Vessel 
19.4 
40 

6 


8 

8700 

SS clad C.S. 
ASME Code 
600 


16.4 
17.7 


3740 
Hexagonal 
11.1 

287 


268 
19 


3120 
239 


270 


13.1 


1420 


990 
920 
70 


220 
207 


20.9 


375 
185 
3.22 x 108 


Calandria 
30.6 

24.3 

Z 


3 and 4 
16,300 
Al 
12,000 
600 


28.6 
21.3 


13,700 
Hexagonal 
15.1 

494 


475 
19 


12,300 
504 


285 


24.4 


3360 


Calandria 
27.9 
22.7 


25.9 
19.7 


10,500 
Hexagonal 
11.0 

897 


878 
19 


10,200 
300 


1210 


34 


2550 
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indirect cycle 


Table I-9 (Continued) 
Pressurized Pressurized Boiling D,O, Boiling D,O, 
D,O, pressure D,O, pressure pressure pressure 
vessel, tube, tube, vessel, 


indirect cycle direct cycle direct cycle 


Organic cooled, 
pressure tube, 
indirect cycle 


Gas cooled, 
pressure 
tube, 
indirect cycle 





Calandria tubes (0.060- 
in.-thick Al): 
ID, in. 
Length, ft 
Pressure or housing tube: 
ID, in. 


Wall thickness, in. 


Length, ft 
Material 


Design stress, psi 
Maximum design 
temp., °F 
Coolant flow area per 
tube, sq ft 
Total coolant flow 
area, sq ft 
Coolant-moderator 
insulation: 
Material 
Thickness, in. 
Fuel elements: 
Fuel material 
Cladding material 
Element shape 


Outside dimensions, in. 


Cladding thickness, in. 

Fuel-element length, ft 

No. of elements per 
cluster 

Total heat-transfer 
surface, sq ft 

Material inventories: 

Fuel, metric tons 

Uranium, metric tons 

D,O (core and re- 
flector), metric tons 

D,O/uranium weight 
ratio (moderator 
only) 

Zirconium, lb 


Heat transfer and fluid 
flow: 
Power to coolant, 
Mwit) 
Coolant inlet temp., °F 
Coolant outlet temp., 
°F 


5.72 5.72 
20.8 20.7 
4.65 4.65 Insulated 
tube 
0.162 0.162 Insulated 
tube 
30 30 
Zircaloy-2 Zircaloy-2 
12,000 12,000 
600 600 600 
0.0571 0.0571 0.0571 0.0571 
14.9 18.1 15.3 15.3 
Air Air Stagnant D,O 
0.375 0.375 0.375 
uO, UO, uO, uO, 
Zircaloy-2 Zircaloy-2 Zircaloy-2 Zircaloy-2 
Rod Rod Rod Rod 
0.50 dia. 0.50 dia. 0.50 dia. 0.50 dia. 
0.925 0.025 0.025 0.025 
24.0 17.8 17.7 17.7 
37 37 37 37 
33,400 30,200 25,200 25,200 
90 81.2 67.8 67.8 
79.2 71.5 59.7 59.7 
185 160 140 150 
1.5 1.5 1.5 1.65 
35,500 89,600 75,900 29,100 
Reactor Performance Characteristics 
790 780 770 770 
475 468 475 475 
530 515 515 515 


35 
Low-alloy 
steel 
18,000 


600 


490 


1.45 


920 
374 


500 


5.75 
22.7 


4.50 
0.250 


32 
Zircaloy-2, 
1% Cu, 

1.5% Mo 
5700 


Air 
0.375 


U metal 

Mg alloy 

Twisted 
ribbon 

0.348 wide by 
0.093 thick 

0.015 

19.7 


127 
146,000 


160 
160 


396 


1.88 
335,000 


891 
365 


690 
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Table I-9 (Continued) 
Pressurized Pressurized Boiling D,O, Boiling D,O, Gas cooled, 
D,O, pressure D,O, pressure pressure pressure Organic cooled, pressure 
vessel, tube, tube, vessel, pressure tube, tube, 


indirect cycle 


indirect cycle 


direct cycle 


direct cycle indirect cycle 


indirect cycle 





Coolant flow rate, 
lb/hr 

Maximum outlet 
velocity, ft/sec 

Coolant inlet 
pressure, psia 

Coolant Ap, psi 

Average heat-transfer 
coefficient, Btu/(hr) 
(sq ft)(°F) 

Average heat flux, 
Btu/(hr)(sq ft) 

Maximum heat flux 

Maximum cladding 
temp., °F 

Limiting cladding 
temp., °F 

Maximum fuel temp., 
°F 

Limiting fuel temp., 
oF 

Average moderator 
temp., °F 


Nuclear data: 


k eff (equilibrium Xe 
and Sm, hot) 

Xe and Sm poisoning, 
Ak/k 

Initial conversion 
ratio 

Lattice properties, 

hot: 


Average thermal flux 
in fuel, M?-B?§ 

Maximum thermal 
flux in fuel, 
neutrons /(cm?)(sec) 

Radial maximum/ 
average 

Axial maximum/ 
average 

Maximum/average in 
fuel bundle 


44.6 x 10° 
33.5 
1320 
120 
8000 


82,000 
240,000 


540 


630 


1.49 x 1074 
0.923 x 1074 
0.060 


3.2 x 10! 


0.94 x 10" 
1.9 
1.46 


we 


52.5 x 10° 
$2.1 
1035 
75 
8000 


89,000 
260,000 


525 
630 
4000 
4000 


155 


1.032 
0.032 


0.853 


1.069 
1.324 
1.025 
0.866 
0.910 

273 

138 

411 

1.68 x 1074 
0.907 x 1074 
0.037 


3.70 x 1033 


1.08 x 1044 


1.93 


18.0 x 10° 


10,000 


102,000 
325,000 


550 


630 


1.032 
0.032 


0.845 


1.075 
1.324 
1.026 
0.870 
0.910 

267 

137 

404 
1.86 x 1074 
161 x 10° 
0.041 


4.40 x 10'% 


1.37 x 1014 
1.92 
1.48 


bt 


18.0 x 10° 45.7 x 10° 
62 33 
798 220 
17.7 20 
10,000 1620 
102,000 59,000 
325,000 177,000 
550 570 
630 600 
4000 
4000' 
155 155 
1.03 1.017 
0.032 0.03 
1.051 
1.324 
1.036 
0.900 
0.851 
545 
165 
710 
0.72 x 1074 
0.472 x 1074 
0.0334 
4.4 x 1033 1 x 1048 
1:37 x 10" 3 x 10! 
1.92 1.96 
1.48 1.44 
¥1 11 


35.9 x 10° 
97 

634 

24.0 

253 


22,000 
50,000 


1.039 


0.032 


1.096 
1,324 
1.035 
0.903 
0.886 
700 
269 
969 


0.571 x 107¢ 
0.0552 


1.92 x 1018 


5.76 x 1013 
1.6 
1.40 


1.1 








* Migration area. 


{ Material buckling. 


} Geometric buckling. 


§ Neutron leakage. 
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Table I-9 (Continued) 
Pressurized Pressurized Boiling D,O, Boiling D,O, Gas cooled, 
D,O, pressure D,O, pressure pressure pressure Organic cooled, pressure 
vessel, tube, tube, vessel, pressure tube, tube, 


indirect cycle indirect cycle 


direct cycle 


direct cycle indirect cycle indirect cycle 





Burn-up data for batch 


refueling: 
Estimated fuel 
burn-up, Mwd/ 
metric ton U 3200 3200 3200 3200 2100 3000 
U*® content in spent 
fuel, wt.% U2® 0.44 0.44 0.44 0.44 
Pu?® content in spent 
fuel, g Pu2®/ 
metric ton U 2000 2000 2000 
Pu9/py28 0.16 0.16 0.16 
Pu!/py?® 0.023 0.023 0.023 
Burn-up data for one- 
third fuel replace- 
ment per refueling: 
Estimated fuel burn-up 4600 4600 4600 4600 3000 4500 
u*® content 0.36 0.36 0.36 0.36 
Pu?® 2400 2400 2400 
Pu0/py?® 0.21 0.21 0.21 
Pu%!/py2® 0.042 0.042 0.042 
Costs 
Investment, $ x 10° 
(includes D,O and 
organic) 88.070 87.751 71.702 75.417 87.334 104.817 
Power cost, mills/kw-hr 
(natural U) 14.346 14.532 12.609 12.974 16.326 20.092 
Fuel cost, mills/kw-hr 
(natural U) 4.37 4.59 4.37 4.37 6.25 7.455 
Fuel cost, mills/kw-hr 
(0.9% enriched) 3.036 3.115 2.942 2.942 Metallurgical limit 





probable that they will come from the intensive 
development of one or more selected concepts. 


The latter approach has been adopted by 
Atomic Energy of Canada, Ltd. A recent re- 
port® has brought up to date the work that has 
been. in progress on the analysis and develop- 
ment of a full-scale heavy-water reactor. This 
report estimates that a fuel reactivity lifetime 
of about 10,000 Mwd/metric ton can be achieved 
at the same time as a rather high degree of 
power flattening. It is to be noted, with respect 
to the objectives outlined above, that the Canadian 
study uses a design stress of 16,000 psi for the 
Zircaloy pressure tubes (as compared to 12,000 
psi in the U.S. study), that the maximum heat 
production per unit length of fuel element is 
505 watts/cm, and that the over-all ratio of 


maximum to average power density lies be- 
tween 2.025 and 2.122 (as compared to 450 
watts/cm and 3.12, respectively, in the U. S. 
study). The difference in maximum to average 
ratio and linear rate of heat removal can in 
themselves account for a 65 per cent increase 
in specific power for the Canadian reactor. If 
these differences in rather basic design limits 
represent simply different degrees of optimism 
on the part of the analyst, then their significance 
is not great. However, differences of this 
magnitude in the actual performance limits can 
make very significant differences in the eco- 
nomics of power generation, and it is probably 
only through research and development which 
will push these limits to the maximum that 
acceptable economic performance will be ob- 
tained. 
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Age of Fission Neutrons in H,O 


The long-standing discrepancy between calcu- 
lation and experimental measurement of the 
fission-neutron age to indium resonance in 
H,O was discussed in a series of papers at 
the June 1959 meeting of the American Nuclear 
Society. (This subject was reviewed in Power 
Reactor Technology, 2(2): 7-10 (March 1959)). 

In a review of the present status of theory, 
H. Goldstein! pointed out that all published cal- 
culations since 1954 have given results in the 
range 25.3 to 26.0 cm’. Calculations have been 
made by four different methods (Monte Carlo, 
moments, Fourier transform B,; or P;, and a 
combination of moments and Monte Carlo), all 
of which theoretically are capable of high ac- 
curacy. In this connection Goldstein called atten- 
tion to the fact that the P; approximation to the 
solution of the Boltzmann equation, although itis 
approximate in its description of the complete 
spatial distribution of neutrons, does give rigor- 
ously the second moment of the slowing-down 
density (and therefore the age) at any specified 
energy. In view of the excellent agreement of 
the several methods, the possibilities of either 
a systematic error in the calculations or simply 
a mistake in calculation seem remote. 

These considerations would leave only errors 
in the basic data used in the calculations as 
possible sources of error inthe calculated ages. 
After Goldstein reviewed this possibility, he con- 
cluded that such errors are likely to be small. 
He stated that, in the area of cross sections and 
angular distribution of scattering, the largest 
uncertainties are in the angular distribution of 
scattering by oxygen. The age for fission neu- 
trons is not very sensitive to this characteristic, 
which may, however, be important in determining 
the age of 14-Mev neutrons. As for the un- 
certainties in the fission spectrum, he stated 
that in H,O the age to indium resonance is very 
nearly a linear function of the average fission- 
neutron energy and that the error inthe average 
energy could hardly be large enough to account 
for an important error in the calculated age. 


The over-all conclusion was that the discrepancy 
between theoretical and experimental values for 
the age is unlikely to be resolved by changes in 
the theoretical values. 

In reviewing the status of experimental meas- 
urements, W. C. Redman’ listed the measure- 
ments that have been made to date (including 
measurements, as yet unpublished, by D. B. 
Lombard and C. H. Blanchard of Pennsylvania 
State University) and the pertinent charac- 
teristics of the experimental arrangements 
(Table II-1). Redman pointed out several pos- 
sible sources of error in the measurements. 

The Fermi, Hill-Roberts-Fitch, and Wade 
experiments all are subject to errors due to 
(1) selection of the origin at the center of the 
source, (2) nonuniform emission over the plane 
of the source, (3) depression of the indium reso- 
nance flux by the source, (4) depression of the 
source strength by the cadmium cover of the 
foils, and (5) the determination of background 
merely by removing the source without replace- 
ment of an equivalent absorber and scatterer. 
Most of these effects are significant only within 
about 4 in. from the source, andthe more recent 
experiments have investigated these effects 
more thoroughly. In addition, Fermi’s experi- 
ment has the disadvantages of an intensity 
problem, the need for an extrapolation that con- 
tributes 30 per cent to the final result, and the 
apparent absence of a correction for the finite 
size of the detector foils. Hill, Roberts, and 
Fitch’s experiment employed two rather large 
thicknesses of cadmium covers and also aiumi- 
num covers for which no correction was made. 
A recent Oak Ridge National Laboratory (ORNL) 
experiment has shown that this is potentially a 
significant source of error due to varying flux 
anisotropy with position. The Hill-Roberts- Fitch 
experiment also may be affected by neutron 
streaming in the rather large amount of alumi- 
num structural material in the vicinity of the 
source and foils. 

The chief experimental difficulty in the Rus- 
sian experiment (Barkov and Mukhin) is probably 
the effect of the duct used to leadneutrons from 
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the thermal column to the source. Leakage of 
neutrons from the vicinity of the source has 
been shown by experiments at the National 
Bureau of Standards to lead to a high value for 
the measured age. 

Even the more recent experiments are not 
entirely free of possible sources of error. The 
Lombard and Blanchard experiment may be 
influenced by a source depression effect due to 
the cadmium cover of the foils close to the 
source, and the location of the coordinate origin 
is not stated. Background was measured by re- 
moval of the source, but the small magnitude 
of the background near the source may make this 
effect of no consequence. 


the ranges of variables inthe setup tobe investi- 
gated, gives an indication of the care that ap- 
parently must go into a rigorous comparison of 
experiment with theory for the rather special 
case of H,O slowing down, which is characterized 
by steep flux gradients anda short slowing-down 
length. 

There is apparently a reasonable probability of 
removing much of the theoretical-experimental 
discrepancy in the age through experiments 
which take into account very carefully the neces- 
sary calibrations and corrections. When the 
difficulties of the age measurement in H,O are 
considered, it is perhaps not surprising that a 
discrepancy has existed between theory and the 


Table II-2 EXPERIMENTAL CONDITIONS FOR SLAB-SOURCE DETERMINATION? 
OF FISSION-NEUTRON AGE TO 1.46 EV 








Thermal-column Source Indium -foil Transverse 
source thickness, thickness, Foil Range of R, measurements, 
separation, in. em x 103 mg/cm cover cm cm 
18-in.-square Source 
0 64 80 Cd 0.5—56 1.4, 4.4, 6.7, '9.4, 
14.3, 19.4 
0 64 80 Al 0.5-—107 
0,1to6 64 80 Cd 0.5—38 
0 64 0.09, 20, 60, 120, Cd 0.5—22 
240 
4 1.8, 64 80 Cd 0.5—38 
4 64 0.09, 20, 60, 80 Cd 0.5-—38 
4 64 80 Cd 0.5—58.5 
4 64 80 Al 0.5-—61 
24-in.-square Source 
0 64 20 Cd 0.5-61 2.5, 21.6, 44.5 
0 64 20 Al 0.5-—88 
3, 4 64 20 Cd 0.5—38 
30-in.-square Source 
4 64 20, 80 Cd 1-77 1.1, 12.2 16.4, 
28.7, 44.3 
4 15 20, 80 Cd 1-77 
4 1.8 20 Cd 1-77 





Redman stated that three recent measure- 
ments as yet unpublished (the Lombard and 
Blanchard measurements, measurements by 
T. V. Blosser and D. F. Trubey at ORNL, and 
by Doerner and associates at Argonne) all indi- 
eate values in the neighborhood of 27 cm’. The 
Doerner measurement is made with a slab- 


source geometry, whereas the other new meas- 
urements use point sources. Table II-2, which 
summarizes the characteristics of the experi- 
mental setup for the Doerner measurements and 


earlier experiments, which were undertaken to 
provide data for reactor design and which ful- 
filled that purpose admirably. 


Naval Reactors Physics Handbook 


Volume III of a three-volume series which 
constitutes the Naval Reactors Physics Handbook 
has recently been issued.’ This volume treats 
the physics of intermediate-spectrum reactors. 
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Volume II, the Physics of Pressurized-water 
Reactors, has previously been issued as aclas- 
sified document. Volume III is based largely 
on work done on highly enriched, beryllium- 
moderated, sodium-cooled reactors of the SIR 
(Submarine Intermediate Reactor) type and is 
more characteristic of a comprehensive review 
than of a handbook. Although not much of the 
material will be directly applicable to civilian 
power-reactor projects, there are many sec- 
tions, such as those which describe calculational 
methods, experimental techniques, neutron- 
energy spectrum, and reactor dynamics, which 
represent valuable contributions to the general 
body of knowledge and to the technology of 
reactor physics. 


New Nuclear Data Compilations 


Report’ UCRL-5226 is a tabulation of neu- 
tron cross sections whose objective is to present 
all reported experimental data. The recently 
issued® UCRL-5351 contains curves of the neu- 
tron cross sections of the elements and some 
isotopes over the energy range 0.5 to 15.0 Mev, 
as derived from the UCRL-5226 data by the 
compiler, R. J. Howerton. The compilation in- 
cludes notes which comment onthe experimental 
data and describe the basis for decisions made 
in drawing the curves. The two compilations 
will be found valuable for those cases in which 
there is a need to consider the direct experi- 
mental data rather than, or in addition to, the 
“best” values as reported in BNL-325. 


Fission-product Decay Energy 


The kind and energy of radiation emitted by 
the fission products are important in determin- 
ing the shutdown cooling requirements of reac- 
tors and shielding requirements of reactors 
after shutdown. This information is also needed 
for determining the shielding and cooling re- 
quirements for reactor fuels after removalfrom 
the reactors. In reference 6 the authors have 
reviewed the more recent experimental and 
analytical U*** thermal fission-product informa- 
tion, and by combining various data they were 
able to predict the beta and gamma fission- 
product activity for times as short as 1 sec 
after an instantaneous fission event. Previous 
reports have presented the gamma information 
in seven energy groups with the seventh energy 


group made up of all gammas of energy greater 
than 2.6 Mev. In reference 6 the seventh energy 
group has been subdivided into six more groups, 
making 12 groups in all. The further breakdown 
is a great help, especially in determining the 
after-shutdown shielding requirement. 

The disintegration rates and energy-release 
rates for the decay gammas from instantaneous 
fission are presented in reference 6 in both 
tabular and graphical forms for decay times 
ranging from 1 to 10° sec. An equation derived 
in reference 6 makes possible the calculation of 
fission-product disintegration rates as a function 
of time after reactor shutdown for any specified 
reactor operating time. 

The energy-release rates and disintegration 
rates for the decay betas after an instantaneous 
fission event are presented® in both graphical 
and tabular form for decay times ranging from 
1 to 10° sec. Tables of beta energy decay rates 
as a function of time after shutdown are pre- 
sented for operating times of 1, 10, 107, 10°, 10‘, 
10°, 10’, and infinite hours. The release-rate 
functions are presented for both energy- and 
particle-release rates. 

The effects of neutron-energy spectra and 
neutron-flux levels upon the fission-product 
decay rates were examined.® It was concluded 
that there is very little difference in the gross 
decay pattern of the fission products if the neu- 
tron causing the fissions is less than 1 Mev in 
energy. The flux levels and the integrated fluxes 
in typical reactors will not change the gross 
fission-product decay pattern enough to be of any 
significant importance. 

The authors of reference 6 do not place a 
probable error on the total gamma energy re- 
lease but do speak of the reliability of certain 
energy groups. For betas, they put a +20 per 
cent error on the energy-release rate. 
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ANNOUNCING 


An AEC-sponsored symposium on Chemical Reproc- 
essing of Power Fuels to be held Oct. 20-21, 1959, 
Richland, Washington. Additional information may 
be obtained from J. T. Christy, Chief, Separations 
Branch, Hanford Operations Office, AEC, Richland, 
Washington. 

















HEAT TRANSFER 





Heat Transfer and Burn-out 
in Water at Low Pressure 


Reference 1 contains recent data on heat trans- 
fer in thin rectangular channels suchas are found 
in MTR-ETR type fuel elements. Heat-transfer 
coefficients and burn-out heat flux were deter- 
mined in atest loop in which water was circulated 
through a nominal 0.10- by 2.5-in. rectangular 
test section by means of a pump. The test sec- 
tions were electrically heated and were from 
18 to 36 in. in length. Over 40 runs were made 
to measure heat-transfer coefficients for the 
following range of variables: 


Water velocity, ft/sec 2.90 to 45.5 


Heat-transfer rate, 


Btu/(hr) (sq ft) 58,000 to 1,040,000 


Bulk water tempera- 


ture, °F 66 to 273 


Four runs were made with upward flow, the re- 
maining being downflow. Sixteen burn-out runs 
were performed with downflow over the following 
range of conditions: 


Water velocity, ft/sec 6 to 53 
60 to 140 
90 to 200 


Outlet pressure, psia 
Subcooling, A°F 


The experimental results have been repro- 
duced as Fig. 3, which was taken from the 
article.' Also plotted on the graph is the Sieder- 
Tate equation. The data shown are for the 2.5- 
in. face; they are plotted in terms of the Sieder- 
Tate parameters for ready comparison. The 
entrance effects can be noted in the figure; the 
heat-transfer coefficients at the inlet of the 
test section correspond to the lower Reynolds 
number values for each run. It can be seen, for 
example, in the solid dots near a Reynolds num- 
ber of 50,000, that the heat-transfer coefficient 
appears to decrease, reach a minimum, and then 
increase. The heat-transfer coefficient for the 
0.10-in. face was also determined. 
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The burn-out heat flux was correlated within 
+25 per cent by the following McAdams type 
equation: 


1) 
=) =0.29[400,000 + 4800(7 .44-T,)]V* (1) 
(“ BO sat b ] 


where (¢/A)po = burn-out heat flux, 
Btu/(hr)(sq ft) 
_ = Saturation temperature at out- 
let, °F 
T » =bulk temperature, °F 
V =water speed, ft/sec 


dk 


sa 


The following conclusions are taken from the 
article:' 


1. Reduced heat-transfer coefficients were ob- 
tained for turbulent water flow in thin rectangular 
channels measuring about 0.1 by 2.5 in. The heat- 
transfer rates are 30 to 45 per cent below those 
predicted from the Sieder-Tate equation and 15 to 
30 per cent below most of the reported values for 
circular pipe flow. 

2. The use of bulk properties or Sieder-Tate 
parameters gives best correlation of the data from 
several runs. However, equations with constant 
exponent on the Reynolds number are inadequate. 
Test runs, when examined one at a time, have 
exponents above 0.8, the value of the exponent in- 
creasing as the heat rate is reduced at constant 
water velocity. 

3. Heat-transfer coefficients decreased at the 
short side of the rectangular section. Values 15 to 
30 per cent below those on the 2.50-in. face were 
measured. 

4. Thermal entry length to hydraulic diameter 
ratios vary from 40 to 60 for Reynolds number 
between 10,000 and 100,000. 

5. Burn-out heat fluxes were measured with heat 
generation around the entire periphery of the rec- 
tangular channels. Burn-out occurs at the corners, 
and the values there are correlated by a McAdams 
type equation. Values one-third of those obtained 
for circular pipes were measured. 


The work was reviewed by S. J. Green and 
B. W. LeTourneau of the Bettis Plant, Pitts- 
burgh. The reviewers close with the following 
paragraph: 
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Figure 3——Heat-transfer coefficients for thin rectangular channels.' (Reprinted 
by permission from the Journal of Heat Transfer.) 


The writers conclude by pointing out that it is 
very difficult to obtain accuraie heat-transfer coef- 
ficients for water at high Reynolds numbers, where 
the coefficients are very large. It is necessary to 
use the most refined experimental techniques, in- 
cluding the use of individually calibrated thermo- 
couples for both surface- and water-temperature 
measurements, extreme precaution to eliminate 
heat losses, thermocouple electrical pickup, and 
thermocouple lead-wire conduction effects, mini- 
mization of wall-temperature-drop correction by 
the use of thin, high-thermal-conductivity walls, 
and precautions to ensure accurate knowledge of 
the channel dimensions during test. In the paper, 
the large cumulative effect of the many experimental 
errors on the accurate determination of forced- 
convection heat-transfer coefficients may be seen 
clearly. 


In the authors’ closure, Levy, Fuller, and 
Niemi state that “the discussers’ attempt to 
explain the low heat-transfer coefficients in 
terms of experimental errors is not justified. . .” 

With respect to the burn-out data, the re- 
viewers state: “It would seem overly conserva- 
tive in most cases to apply these data directly 


to rectangular coolant channels innuclear reac- 
tors. In conventional reactor fuel plates, the 
fueled region is of slightly less width than the 
coolant channels. While there is a significant 
amount of gamma heating in the extreme ends 
of the fuel plates and in the side plates, this 
geometry and heating rate are normally such that 
the heat flux through the narrow edges, and the 
portions of the wide sides nearest the corners, 
is much less than that opposite the fueled region.” 
With respect to this edge effect it is instructive 
to examine the burn-out data of reference 2. 
The apparatus used by these experimenters in 
principle was the same as reference 1, withone 
important difference: of the total channel width 
of about 2.5 in., only the central 2.06 in. was 
electrically heated. This was achieved by plac- 
ing ‘4-in. Micarta strips next to the 2.06-in. 
stainless-steel strip. This geometry is some- 
what similar to an actual fuel plate, as discussed 
above by Green and LeTourneau. Data were also 
reported for tubular test sections. The ranges 
of variables studied in reference 2 were: 
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Water velocity, ft/sec 5 to 45 


Pressure, psia 25 to 85 
Subcooling, A°C 5 to 75 (9 to 135° F) 
Flow direction Downflow 
Heat-transfer rate, 500,000 to 1,800,000 
pceu/(hr)(sq ft) (900,000 to 
3,240,000 Btu/(hr) 
(sq ft)) 


Flat 2- by 19-in. 
strip and tubes, 
0.5 and 0.8 in. in 
diameter by 24 in. 
in length 

0.21 to 0.46 


Geometry of heated 
surface 


Equivalent diameter, 
in. 


The results of 65 experimental runs were 


correlated with a maximum deviation of 16 per 
cent by the following equation: 


(7/A) go = 266,000(1 + 0.0365V) 
(1 +.0.009147,)(1 +0.0131P) (2) 


where (q/A) p,9 = burn-out heat flux, pcu/(hr) 
(sq ft) 
V =coolant velocity, ft/sec 
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Figure 4—Correlation of burn-out data? (q/A)go = 
266,000 (1+ 0.0365V) (1 + 0.009147.) (1 + 0.0131P). 
Experimental conditions: (1) downward flow of water, 
(2) heated surface material is type 304 stainless 
steel and 70-30 Cu-Ni, (3) tubes 0.5 in.in diameter to 
flat strips 2 in. wide, (4) heated length: about 2 ft, (5) 
velocity: 5 to 45 ft/sec, (6) subcooling: 5 to 75°C, (7) 
pressure: 25 to 85 psia, and (8) equivalent diameter: 
0.21 to 0.46 in. 


The correlation is shown in Fig. 4. Since the 
ranges of variables are overlapping in the work 
reported in references 1 and 2, it is of interest 
to note that the strip data and the tube data 
appear to correlate using Eq. 2. The geometry 
used by Nuissback et al. does not quite approach 
actual reactor operating conditions either, since 
the Micarta strips used for electrical insulation 
also serve as thermal insulation, and nogamma 
heating was present in the test rig. 

To the first two references can be added a 
correlation given in reference 3. In this refer- 
ence the author reviews many experimental 
burn-out determinations and fits all the data, 
some 184 cases, with the following empirical 
formula calculated to give a desired confidence 





curve. 
(1 + BoT + Ar\(1 + ¥oV + 7 
D D 
Ipo = (3) 
0) 
1+ +) 
where 7p0 = probable burn-out flux, 
Mw/sq ft 
T = saturation temperature 
minus bulk coolant 
temperature, °C 
V = local coolant speed, ft/ 
sec 
D = equivalent diameter, ft 
a =empirical pool boiling 
burn-out heat flux, Mw/ 
sq ft 
Bo, Bi, Yo. ¥1s5, = empirical coefficients 


The a, 8, y, and 6 coefficients were graphi- 
cally presented in the reference as pressure- 
dependent functions. 

Equation 3 was fitted so that half the observa- 
tions are higher than qg and half are lower. 
Hence qg is the probable burn-out flux. The 
ranges of variables covered by the data are as 
follows: 


Observed heat flux 0.10 to 1.20 Mw/sgq ft 


at burn-out (340,000 to 4.1 x 10° 
Btu/(hr)(sq ft)) 


Pressure, psia 14.7 to 2200 

Velocity, ft/sec 0 to 54 

Subcooling, °C 0 to 146 (263 °F) 

Equivalent diam- 0.012 to 1.77 
eter, ft 

|Radius of curva- >0.006 


ture of heater 
elements, ft | 
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It is suggested that a safety factor of 1.4 be 
applied to Eq. 3. For design purposes this factor 
was chosen by demanding that the heat flux so 
calculated have a 95 per cent chance of being less 
than the true burn-out flux. 

Reference 4 contains the results of some in- 
pile heat-transfer experiments conducted in the 
ETR. One of the experiments consisted in de- 
termining the conditions necessary for the onset 
of film boiling in a specially designed fuel ele- 
ment in which thermocouples had been placed 
in a relatively thick fuel plate. Film boiling was 
observed under the following conditions: 


Maximum Channel Inlet Operating 

heat flux, speed, water pressure, 
Btu/(hr)(sq ft) ft/sec temp., °F psia 
85,000 0.8 130 164 
48,000 0.6 130 164 


It would be constructive to examine these data 
in the light of experimental data derived by tests 
using nonnuclear heating. Such an examination 
requires a knowledge of the degree of subcooling 
as a function of distance along the fuel element. 
These data could be calculated from a channel 
heat balance if the axial heat-flux distribution 
and the channel sizes were known; these data 
are not reported in reference 4. 

It should be noted that the ETR experiment 
was done in a flow regime in which direction of 
flow is probably important. A measure of the 
relative importance of buoyant and friction 
forces can be found by striking a ratio between 
the Grashoff and von Karman numbers:° 


Gr _ P'Bg(t, — ty) De 
Ka 4f,G* 


where p = density, lb/cu ft 
6B = coefficient of volumetric expansion, 
a ahaas 

g = gravitation acceleration, ft/sec’ 
t, = outlet temperature, °F 
t; = inlet temperature, °F 

De = equivalent diameter, ft 

fr = friction factor 
G = mass velocity, lb/(sq ft)(sec) 


For the ETR experiment this ratio turns out to 
be about unity; it would seem that there isa 
possibility that the buoyancy forces would be 
effective in reducing the channel flow rate below 
the average for the reactor. Whether this was 





considered in the test is not known, and the 
reference does not state how the coolant speed 
in the channels was determined. 


Critical Heat Flux and Burn-out 
in Water at High Pressure 


A great deal of experimental information 
pertinent to burn-out in water-cooled power 
reactors has been accumulated. Most of this 
information has come from the Navy program 
and is applicable to nonboiling systems at 2000 
psia. Some data have been compiled in these 
programs for boiling systems, but again most of 
them are limited to 2000 psia. The most com- 
plete compilation of these data isin reference 6, 
which includes correlations predicting burn-out 
in water reactors with estimates of pressure 
effects. A critique of this report is given in 
references 7 and 8, which claim refined corre- 
lations of the same data and elimination of a 
point of discontinuity. Some Russian data be- 
came available at Geneva and are reported in 
reference 9. 

Some general conclusions deduced from avail- 
able references are listed below. 

1. The critical heat flux is primarily de- 
pendent upon the local enthalpy of the coolant, 
the critical flux decreasing with increasing 
enthalpy. The manner in which enthalpy is intro- 
duced into the correlations differs with each 
investigation, but the agreement is unanimous 
as to the qualitative dependency. 

2. The critical heat flux is also dependent 
upon pressure. For subcooled water, the critical 
heat flux increases with increasing pressure. 
In the quality region, Argonne National Labora- 
tory (ANL) reports the critical heat flux de- 
creases with increasing pressure over the range 
1000 to 3000 psi. Reference 6 reports critical 
heat flux approximately the same at levels of 
600 to 800 psia and 1850 to 2000 psia, with 
gradual increases from these two pressure 
regions to a peak at 1200 psia, where the critical 
flux is higher by some 20 per cent. 

3. The critical heat flux is dependent upon 
flow rate. Bettis Plant® reports an increasing 
dependency on mass flow rate above 1.6 x 10° 
Ib/(hr)(sq ft) and no dependency at lower rates. 
References 9 to 11 indicate that in the quality 
region a maximum occurs in this function. 

4. The critical heat flux appears to vary with 
channel size and geometry, but the law of de- 
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pendence has not been established. There is wide 
disagreement as to whether the dependence is 
upon the channel diameter or the L/D ratio. 
Argonne National Laboratory” stated that, over 
the range of channels tested, there was no indi- 
cation that channel length or L/D ratio affects 
critical heat flux but shows an effect of decreas- 
ing burn-out flux with increasing flow diameter. 
Bettis® shows an effect of decreasing burn-out 
flux with increasing L/D, from whichit might be 
inferred that burn-out flux decreases with de- 
creasing flow diameter, in contradiction to the 
ANL findings. The Bettis tests were based upon 
varied combinations of channel diameter and 
length, but no attempt was made to correlate 
with flow diameter alone. 

Disagreement exists on the effect of surface 
condition on burn-out. Beitis® reports no notice- 
able effect, whereas ANL” reports a Significant 
increase in critical heat flux with time, at- 
tributed possibly to the effect of surface irregu- 
larities (caused by corrosion and corrosion 
products) which tend to promote turbulence and 
also to offer large numbers of points at which 
nucleation can take place. 

The Bettis correlations are listed below and 
apply to 2000-psia systems. 

For round tubes (0.2 x 10°<G < 8.0 x 10° 
Ib/(hr)(sq ft)): 


? BO /HBo\~” 
) (4 


G ¥ 
sar = 0.28 erg . =) e7-0012 L/D (4) 


For rectangular channels (1.6 x 10° =G< 
5.0 x 10° lb/(hr)(sq ft)): 


2 


?p0 HB 2.5 G\ 
———= = ().37 ( >) (1 4: sat) e0-0012 L/S (5) 





10° 


For rectangular channels (0.2 x 10°=G= 
1.6 x 10° Ib/(hr)(sq ft)): 
2.5 
?BO a (29) 70-0012 L/S (6) 
10° 10° 


where ?po =heat flux at burn-out, Btu/(hr) 
(sq ft) 
G = mass velocity, lb/(hr)(sq ft) 
Hpo =bulk enthalpy at burn-out point, 
Btu/Ib 
L =distance from inlet to burn-out 
point 
D = tube diameter 
S = channel spacing 


Correction for pressures below 2000 psia can 
be made by applying a multiplying factor equal 
to 1.0 at 2000 psia and at 600 to 800 psia and 
equal to 1.2 at 1200 psia with a linear variation 
assumed between these points. 

For design the authors recommend using 
values of burn-out flux equal to 65 per cent of 
the above. 

Knolls Atomic Power Laboratory (KAPL)? 
using the same data as Bettis arrived ata 
slightly different correlation for rectangular 
channels which eliminates the point of discon- 
tinuity occurring at the mass flow of 1.6 x 10° 
lb/hr. 


?BO — (=5) 
a 10° 


WF 


\10° 


—2.38 





0,986 
e-0.00092L/S (7) 


with units the same as above. 

Reference 11 has a proposed correlation 
(using Bettis data) which exhibits a maximum 
occurring in the dependency of burn-out heat 
flux on mass velocity. The correlation applies 
for upflow of water in vertical rectangular 
channels at 2000 psia and takes the form: 


/ 


Ppo =4 G( 


He — oye (8) 


10° 


where ?po = burn-out heat flux, Btu/(hr)(sq ft) 
G = mass velocity, lb/(hr)(sq ft) 

H, = enthalpy of saturated vapor, Btu/Ib 

H, = bulk enthalpy of fluid at burn-out 


point, Btu/lb 


The ranges of variables used in the correla- 
tion are: 


Enthalpy, H, 500 = H, = 1000 Btu/lb 
Mass velocity,G 0.2 = G/10° = 5.0 Ib/(hr) 
(sq ft) 


The constants obtained from the graphical 
plots of the data are: 


a=8.3 
b=1.0 


c = 0.0022 
e=0.5 


For designs the author recommends that a 
value of 4.52 be used for the constant a. 

The Russian burn-out data’ for flow inside 
round tubes in boiling systems at 140 atm 
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pressure are shown in Fig. 5. From these 
curves it can be inferred that a reversal of the 
dependency of burn-out heat flux on mass ve- 
locity has occurred in the low-quality region. 





w 
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° 


° 
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Figure 5— Dependence of critical thermal flux upon 
steam content at steam-water mixture rate of flow 
through the pipes at the weight velocity rates of 
(1) 368,000 lb/(hr)(sq ft), (2) 736,000 lb/(hr)(sq ft), 
(3) 1,104,000 lb/(hr)(sq ft), and (4) 1,472,000 lb/(hr) 
(sq ft). Note: Original data points are not shown.® 
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Figure 6—Effect of mass flow rate on critical heat 
flux at 2000 psia in a vertical channel. The tube is 
type 304 stainless steel and has an inside diameter of 
0.304 in. and a length of 18 in. Note: Original data 
points are not shown.” 
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The Argonne“ data are shown in Fig. 6, and 


they apply to flow inside round tubes at 2000 
psia. The reversal of the dependency of burn-out 
flux with mass velocity is indicated here. 


Table III-1 demonstrates the variation in 
calculated burn-out flux in a boiling system 
using different correlations. Conditions are: 
pressure, 2000 psia; mass flow, 1.6 x 10° lb/ 
(hr)(sq ft); and quality, 5 per cent. 


Table Ill-1 BURN-OUT FLUX CORRELATIONS 








Burn-out 
flux, 
Source Btu/(hr)(sq ft) Channel configuration 
Russian? 807,000 0.355-in.-ID tube 
ANL” 730,000 0.304-in.-ID tube, L/D = 60 
630,000 0.436-in.-ID tube, L/D = 41 
Bettis® 875,000 L/D = 60, round tube 
896,000 L/D = 41, round tube 
875,000 G = 1.6 x 10°, rectangular 
channel 
1,130,000* G = 1.6 x 10°, rectangular 
channel 
KAPL’ 1,110,000* Rectangular channeis 
CE"! 1,350,000 Rectangular channels 
Dresden"? 915,000+ Solid rods 





* Point of discontinuity in correlation. 
+ Data corrected to 2000 psia using method recommended 
by Bettis.® 


It should be noted that, because of the large 
scatter in data which occurs in these experi- 
ments, burn-out could occur at values higher 
or lower than those listed in Table III-1. 

Some work“**® has been aimed at increasing 
the burn-out flux by use of the centrifugal force 
of the liquid. Some preliminary results indicate: 

1. Centrifugal forces are effective in breaking 
up vapor films on the heated surface and in- 
creasing the burn-out heat flux in swirling flow. 

2. At equal pumping power, swirling fiow 
gives higher burn-out heat fluxes than straight 
flow. 


Considerably more work remains to be done 
in the field of burn-out before high-performance 
reactors can be designed with confidence. Pres- 
ent boiling-reactor designs are fuel temperature 
limited primarily because of the economics of 
fuel-element design. As fuel-element technology 
improves, however, there will be a strong 
incentive to push thermal designs closer to 
burn-out limits. Pressurized-water-reactor de- 
signers are already pushing beyond the limit of 
no surface boiling at steady-state conditions and 
are increasing operating fluxes to higher values. 
At present there is no single correlation or 
combination of correlations available to the 
designer to enable him to predict burn-out with 
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a high degree of accuracy, especially in the 
quality region. 


Heat Transfer with Organic 
Coolants 


Atomics International'® has published re- 
sults of experiments to determine the forced- 
convection heat-transfer characteristics 
of polyphenyl reactor coolants. The coolants 
studied and the range of parameters studied 
are shown in Table III-2. The operating pres- 
sure was about 300 psig for all runs. 


sidered possible to date. Additional tests of 
longer duration will be conducted in the future, 
and the fouling effect of high-molecular-weight 
decomposition products will be studied. 


The burn-out limits of polyphenyls have 
been discussed in a previous issue of this 
publication." 


Hot-channel Factors 


The use of hot-channel factors in the thermal 
design of reactors has been common for some 
time. One method of design is to employ the 


Table II-2 EXPERIMENTAL PARAMETERS 





Internal heater Driving force, Fluid speed, Reynolds No. q/A, Btu/(hr) 





Polymer Fluid temp., °F surface temp., °F °F ft/sec x 107% (sq ft) x 107 
Diphenyl 516 to 737 567 to 843 42 to 150 4.8 to 26.8 0.412 to 3.01 0.435 to 2.52 
Santowax-R 495 to 772 597 to 875 55 to 166 3.4 to 33.4 0.194 to 2.255 0.392 to 2.91 
Santowax O-M 481 to 763 584 to 877 56 to 179 5.0 to 25.6 0.237 to 2.64 0.434 to 2.54 








Owing to the fact that values of specific heat 
and thermal conductivity were obtained from 
empirical relations established for other organic 
fluids, the experimenters decided to correlate 
all the polyphenyl data with one equation using 
an exponent of 0.3 on the Prandtl number. 
Equation 1 of reference 16 is the proposed 
equation for predicting polypheny] heat-transfer 
coefficients under forced convection: 


Nu = 0.015 (Re) (Pr) 


This equation is a least-squares fit, and the 
standard deviation is +9 per cent with the maxi- 
mum deviations being +17 and — 22 per cent; the 
bulk temperature was used in determining fluid 
properties. 

Eight runs were made at elevated tempera- 
tures to study the fouling of the heat-transfer 
surfaces under more extreme conditions. Three 
runs were made with Santowax-R and five with 
Santowax O-M. During these runs the bulk fluid 
temperature was maintained at about 760° F with 
surface temperatures from 850 to 1000°F at 
fluid speeds of 5, 10, and 15 ft/sec for periods 
up to 100 hr. It was concluded that fouling did 
not occur in any of the runs, and the authors 
suggest that it may be possible to go to higher 
fuel-element temperatures than have been con- 


hot-channel factors simultaneously, ® assuming 
each uncertainty is experienced at the hot spot 
at the same time. This method, however, yields 
a design that may be considerably overcon- 
servative, depending on how the hot-channel 
factors were originally computed. References 18 
and 19 discuss a statistical method for the appli- 
cation of hot-channel factors to the calculation 
of hot spot temperatures. Quoting reference 19: 
“In the statistical approach, each hot-channel 
factor is associated with an expected number of 
hot channels. This expected number of hot 
channels is defined as the product of the proba- 
bility associated with a particular value of a 
hot-channel factor and the total number of 
coolant channels in the core being analyzed. A 
typical analysis has found that the hot-channel 
factors can be decreased as much as 35 per 
cent, allowing one expected hot channel. Such a 
decrease could produce approximately a 25 per 
cent increase in power or alternatively a con- 
siderable saving in material and manufacturing 
cost of the core.” 

Another statistical approach was presented at 
a recent American Nuclear Society meeting.”° 
The basic problem considered is finding the 
probabilities associated with the multiple prod- 
uct of m random variables, X;, when the fre- 
quency functions of the Xj;’s, /;(Xj), are known. 
Letting Z = X,X,, the distribution function of Z is 





if 


b] 


© 


— © 
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F(Z) = f fe _ F(X) dX, fy (X_) dX, 


Differentiating, 


f(Z) dZ = i = fy (X) alZ) ax, 


Unfortunately the above integrals, in general, 
cannot be expressed in closed form. Refer- 
ence 20 presents a method, namely, the product 
moments combination method, for finding a 
function that is a “suitable approximation to 
f(Z) for many applications in hot-channel factor 
analysis.” Since the method chosen for an ap- 
proximation depends on an assumption that can- 
not be generally validated, the method was 
compared with hand calculations using a numeri- 
cal integration technique. Good results were 
obtained when the distributions were not highly 
irregular. 

As an example of the results obtained, the 
following paragraph is taken from reference 20: 

“As a typical example, consider three inde- 
pendent hot-channel factors, a, 6, and y, each 
being normally distributed with all means equal 
to 1 and standard deviations 0.15, 0.10, and0.05, 
respectively. Choosing design values A, B, and C 
so that the probability is 1 x 10~ that each hot- 
channel factor will exceed its design value gives 
A=1.46, B =1.31, and C =1.15. The product 
AB then =1.91, and the product ABC = 2.20. 
Using a six-moment approximation, the proba- 
bility that a8 exceeds 1.91 is about 1 x 10~ and 
that a8y exceeds 2.20 is less than 1x 10°. 
Conversely, a design value for AB, such that 
the probability is 107° that @8 exceeds AB, is 
AB = 1.61, and a similar value for ABCis 1.66.” 
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Several reports’”” have been issued by the Bal- 
listics Research Laboratory working under 
contract to the U.S. Atomic Energy Commis- 
sion. Reference 1 reports on work of interest 
to the reactor designer, namely, the predictions 
of the behavior of a containment sheli subject 
to plastic deformation, provided no rupture 
occurs. (A more comprehensive review of con- 
tainment was givenin Power Reactor Technology, 
2(3): 22-34 (June 1959).) The author first de- 
velops a theory of the elastic-plastic response 
of a thin spherical shell subjected to a spheri- 
cally symmetric internal blast loading. Several 
cases are treated: 

1. Elastic phase of motion. 

2. Plastic response phase of motion for a 
“perfectly plastic’’ material, neglecting shell 
thinning and variation of shell radius. 

3. Plastic response phase of motion for a 
strain-hardening material, neglecting sheli thin- 
ning and variation of shell radius. 

4. Plastic response phase of motion for a 
perfectly plastic material, considering shell 
thinning and variation of shell radius 

5. Plastic response phase of motion for a 
strain-hardening material, considering shell 
thinning and variation in radius. 


The theory was applied to predict the behavior 
of small steel shells subjected to loading by 
several weights of explosive charge, and then 
the actual experiments were conducted with the 
shelis. Shells 15 in. in radius and shelis 30 in. 
in radius were suspended from rope slings, and 
Pentolite charges were detonated within. The 
discussion of the experiment is quoted below:! 


The experiments performed concurrently with the 
analysis show that one can adequately predict the 
response of a thin spherical shell to loading intense 
enough to cause considerable plastic deformation 
of the shell material. The experiments also indi- 
cate that, if one is to utilize the ability of a con- 
tainment shell to absorb energy by plastic defor- 
mation, he must assure himself that all welds and 
other construction joints are at least as strong as 
the main shell—both small shells tested in the 
plastic range failed at welds. 
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The twoanalytical studies completed to date were 
facilitated by the spherical symmetry of the entire 
problem. Several additional studies are now under- 
way in which either the loading or the support of the 
spherical shell is asymmetric. These problems 
are typified by the response of a spherical shell to 
blast from an eccentrically located explosive source 
and by the response to a spherically symmetric 
blast wave of a shell half-buried in the earth. Such 
conditions should more closely approximate the 
expected conditions of loading and support than the 
spherically symmetric problems solved here.. 


Reference 2 reports the results of an experi- 
mental study of the elastic response of four 
geometrically scaled models of containment 
shelis subjected to internal blast loading. The 
shells were in the form of welded right-circular 
cylinders with hemispherical end caps, and 
pertinent dimensions are given in Table IV-1. 


Table IV-1 GEOMETRIES OF MODEL SHELLS 





Over-all Shel! 





Shell height, diameter, Thickness, 
No. ft ft in. 
1 4° 2" ‘Ag 
2 8%, 5 i, 
3 1714 10 Y 
4 35 20 "hy 





The explosive tests were made with shells 1 
and 2 suspended in the air; shells 3 and 4 were 
half-buried in the ground. The explosives were 
centrally located. The smallest shell was sub- 
jected to a static test with a hydraulic pressure 
tester. Strains were measured by strain gauges. 

Under explosive loading the shells responded 
with four vibrational modes, and the amplitude 
of a single mode predominated. The support of 
the earth did not reduce the peak strains mea- 
sured, compared to the air-suspended tests, 
but the earth did damp the shell oscillations 
occurring after the peak strain was reached. 
The maximum dynamic stress measured was 
found to exceed the static yield stress by fac- 
tors of 1.5 to 2.0, but no measurable permanent 
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deformations were found on any of the shells. 
The highest strains were measured near the 
lower portion of the cylindrical section, and 
the lowest strains were measured near the 
uppermost portion. Other pertinent results and 
conclusions are as follows: 


A comparison of the test results for the dynamic 
loading experiments with the static pressure-test 
results will serve to emphasize the basic differ- 
ences between static and dynamic response of struc- 
tures. Not only do the strains of the dynamically 
loaded shells oscillate about zero strain level, but 
also the relative magnitudes of the strain compo- 
nents at a given shell location differ markedly from 
those for a statically loaded shell. One can note... 
that the circumferential strains of the statically 
loaded shell are greater by a factor of 5 than the 
corresponding longitudinal strains. But the mag- 
nitudes of the circumferential strains in the dy- 
namically loaded shells exceeded the longitudinal 
strains by a factor of only 2 

Results of the dynamic tests indicate that the 
elastic response of each shell in the series, either 
unsupported or half-buried in the ground, can be 
predicted from measurements of the response of 
any other shell, using model laws for structural 
response. Gravity effects, which do not scale prop- 
erly, modify only the long-time response of the 
earth-supported shells and do not affect peak 
strains. 


It is also concluded that static yield strains can 
be exceeded during dynamic response by a con- 
siderable factor without damage to the containment 
shells and that the response of the shells under dy- 
namic loading does not relate to their response 
under static pressure loading. 


The validity of simulating reactor excursions 


with chemical explosives and propellants is 
discussed in references 3 and 4. 
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SHIELDING AND TOLERANCES 





Effects of Temperature on 
Radiation Attenuation in Concretes 


In concrete biological shields it may often be 
desirable to allow the temperature of the con- 
crete shield to operate near that of the coolant 
rather than to go to the expense of insulating 
the shield from the coolant. One of the problems 
that would arise from operating concrete shields 
at elevated temperatures would be to determine 
the gamma and neutron attenuation charac- 
teristics. 

A series of experiments at Hanford has been 
performed to measure and analyze the changes 
in attenuation characteristics of various types 
of concretes after they have been raised to 
various temperatures. The first two tested and 
reported were: (1) iron limonite, which con- 
sists of an aggregate of iron punchings and a 
grout of limonite, an iron ore containing water 
of hydration, and (2) magnetite limonite in which 
the nonhydrated iron-ore magnetite is used as 
an aggregate and the limonite again in the grout 
material.'! The third type reported was magnetite 
concrete.” 

The neutron attenuation properties of unheated 
slabs of the test material were first measured 
in the DR Reactor bulk shield test wells. The 
same slabs were then placed in an oven and 
held at the desired temperature for the desired 
time. Air was allowed to circulate between the 
test slabs to remove all evolved gases. Most of 
the slabs tested were approximately 4 in. thick 
and stacked to make a total shield thickness of 
48 in. After the slabs had been in the ovens for 
several weeks, they were removed and weighed 
to determine the weight loss which was at- 
tributed entirely to the loss of water for pur- 
poses of analysis. The slabs were then placed 
in the DR Reactor bulk shield test well where 
the flux changes were measured by means of 
sulfur, gold, and cadmium covered gold foils. 
During the flux measurements in the bulk shield 
test well, the maximum temperature attained in 
the shielding material was only 91°C, whereas 
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the slabs in the oven were heated toa maximum 
of approximately 300°C. 

The measured and calculated fast-neutron 
results for iron limonite are shown in Table V-1. 
The relaxation length was calculated by assuming 
the weight loss was due to loss of water and 
by using the measured removal cross sections.° 

The measured and calculated fast-neutron 
results for magnetite limonite are shown in 
Table V-2. 


Table V-1 FAST-NEUTRON RELAXATION LENGTHS 
IN HEATED IRON LIMONITE CONCRETE 








Temp., Density, A (measured), A (calculated), 
°C g/cc cm cm 
Unheated 4.23 7.8 7.8 
100 4.15 8.4 8.7 
175 4.06 9.7 9.8 
320 4.03 10.1 9.7 





Table V-2 FAST-NEUTRON RELAXATION LENGTHS 
IN HEATED MAGNETITE LIMONITE CONCRETE 








Temp., Density, A (measured), A (calculated), 
°C g/cc cm cm 
Unheated 3.39 9.0 8.7 
100 3.33 10.2 9.4 
175 3.21 11.5 10.6 
320 3.26 B.1 10.2 





Table V-3  FAST-NEUTRON RELAXATION LENGTHS 
IN HEATED MAGNETITE CONCRETE 








Temp., Density, A (measured), A (calculated), 
°C g/cc cm cm 
Unheated 3.29 8.75 9.77 
100 3.27 9.52 9.96 
200 3.25 9.75 10.16 
300 3.21 10.1 10.59 





The magnetite concrete shield measured and 
calculated fast-neutron results are shown in 
Table V-3. 

The caiculated and measured relaxation 
lengths are probably in as good agreement as 
can be expected because of the uncertainty in 
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the water content of the shield. The agreement 
and consistency of the results are good enough 
to indicate that the loss in attenuation effec- 
tiveness probably can be directly attributed to 
a reduction in water content. 

As important as the increase in the fast- 
neutron relaxation length with temperature is 
the increase in the thermal-neutron leakage 
with temperature. In a high-density concrete 
shield, the fast neutrons are to a large degree 
attenuated by inelastic scattering which reduces 
the neutron energy to approximately 1 Mev. The 
hydrogen in the concrete is the primary mod- 
erating agent from 1 Mev to thermal. With the 
loss of hydrogen from the concrete upon heating, 
the intermediate-energy neutrons are allowed to 
diffuse nearer the outside shield surface before 
being captured, thus causing a capture gamma 
dose problem. In the experiments, the thermal- 
neutron leakage through the shield increased 
faster than the fast-neutron leakage as the 
temperature was increased, indicating that in 
some instances (depending on the shield design) 
the secondary gamma production could become 
a severe problem. As was stated earlier, the 
maximum temperature of the concrete slabs 
during tests was 91°C. If they had been at the 
temperatures attained in the ovens, during the 
shield tests, the thermal-neutron leakages would 
have been still higher because the effective 
thermal-neutron absorption cross _ sections 
would have decreased because of the higher 
thermal-neutron temperature. 

In summary, the attenuation properties of 
concretes for neutrons are reduced by heating. 
The loss of shielding effectiveness is associated 
with the loss of water, primarily with the loss 
of hydrogen. The removal cross sections can 
be calculated if the composition is known; this 
agreement between calculated and experimental 
removal cross sections for structural concrete 
was shown in an earlier report.' 


Tolerances 


For a number of years National Bureau of 
Standards’ Handbook 52 (H52) has been in use 
throughout the nuclear-energy industry as a 


source of maximum permissible concentration 
(MPC) of radionuclides in air and water. It has 
now been superseded by National Bureau of 
Standards’ Handbook 69 (H69), which contains 
a great deal more data. The H69 maximum 





permissible body burden and concentration table 
contains information on over 230 isotopes both 
for the soluble and insoluble forms, where 
applicable. Data are given for various organs 
of the body, and the most critical organ is 
specified. The air and water MPC values are 
given for both a 40-hr and 168-hr week, the 
latter value being appropriate, of course, for 
continuous exposure. 

Several basic rules for accumulated occupa- 
tional doses are also given. The maximum per- 
missible dose to the most critical organ is to 
be calculated as follows: 


MPD = 5 (N- 18) 


where MPD is the maximum permissible dose 
accumulated at any age, rem; and N is the 
worker’s age in excess of 18 years. In addition, 
the dose in any quarter is not to exceed 3 rem, 
subject to the above ‘formula. The critical 
organs are specified as the whole body, head 
and trunk, active blood-forming organs, eyes, 
and gonads. The MPD for the skin is calculated 
by the formula 


MPD = 10 (N-18) 


with the quarterly dose not to exceed 6 rem. 
Whether the dose is to a critical organ or to 
the skin depends on the energy of the incident 
radiation. This is covered in greater detail in 
reference 7. The dose to the hands, forearms, 
feet, and ankles is not to exceed 75 rem/year 
with a maximum quarterly dose of 25 rem. An 
accidental or emergency dose of 25 rem is 
acceptable as a once-in-a-lifetime event and 
need not be included in the radiation exposure 
status of the person. Also, medical and dental 
exposures are not included in the exposure 
status. 

It should be emphasized that the above dis- 
cussion of H69 applies to workers exposed to 
radionuclides as a part of their occupation. 
The Handbook does, however, consider the ex- 
posure of the public at large. Because of the 
importance of this subject to the nuclear engi- 
neer, the following paragraphs are quoted from 
H69: 


Dose to Persons in the Neighborhood of Con- 
trolled Areas. The radiation or radioactive ma- 
terial outside a controlled area, attributable to 
normal operations within the controlled area, shall 
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be such that it is improbable that any individual 
will receive a dose of more than 0.5 rem in any 
1 year from external radiation. 

The maximum permissible average body burden 
of radionuclides in persons outside the controlled 
area and attributable to the operations within the 
controlled area shall not exceed one-tenth of that 
for radiation workers (based on continuous occupa- 
tional exposure for a 168-hr week). This will gen- 
erally entail control of the average concentrations 
in air or water at the point of intake, or of the rate 
of intake to the body in foodstuffs, to levels not 
exceeding one-tenth of the maximum permissible 
concentrations allowed in air, water, and foodstuffs 
for continuous occupational exposure. The body 
burden and concentrations of radionuclides may be 
averaged over periods up to 1 year 

The maximum permissible dose and the maxi- 
mum permissible concentrations of radionuclides 
as recommended above are primarily for the pur- 
pose of keeping the average dose to the whole popu- 
lation as low as reasonably possible, and not be- 
cause of the likelihood of specific injury to the 
individual. 


The data in H69 carry “no legal implications 
demanding or requiring adoption.” The Handbook 
presents the recommendations of a group of 
experts in the radiological protection field. The 
Atomic Energy Commission, however, has pro- 
pused to amend part of the Federal Regulations’ 
concerning “Standards for Protection Against 
Radiation.” Many of the proposed new regulations 
are based on H69. In addition, maximum per- 
missible doses for various parts of the body and 
maximum permissible concentrations of radio- 
nuclides are proposed for occupational exposure. 
The permissible levels of radiation and con- 
centrations of radionuclides in effluents to 
unrestricted areas are also proposed, and 
proposed exposure limits of minors are stated. 
The following paragraphs are quoted from 
reference 8. 


The changes in the accumulated MPD are not the 
result of positive evidence of damage due to use of 
the earlier permissible dose levels, but rather are 
based on the desire to bring the MPD into accord 
with the trends of scientific opinion; it is recog- 
nized that there are still many uncertainties in the 
available data and information. Consideration has 


also been given to the probability of a large future 
increase in radiation uses. In spite of the trends, 
it is believed that the risk involved in delaying the 
activation of these recommendations is very small 
if not negligible. Conditions in existing installations 
should be modified to meet the new recommenda- 
tions as soon as practicable, and the new MPD 
limits should be used in the design and planning of 
future apparatus and installations. Because of the 
impact of these changes and the time required to 
modify existing equipment and installations, it is 
recommended on the basis of present knowledge 
that a conversion period of not more than five years 
from (January 1957) be adopted within which time 
all necessary modifications should be completed. 
The new MPD standards stated above are not in- 
tended to be applied retroactively to individuals 
exposed under previously accepted standards. 


It is apparent that the proposed regulations, 
if adopted, will have important effects in the 
nuclear-energy fieid. 
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REFUELING METHODS FOR SOLID FUEL REACTORS 





The act of refueling a solid-fuel reactor in- 
volves removing some or all of the oldfuel ele- 
ments and replacing them with fresh elements. 
The refueling may be necessary either because 
the reactor has “run out of fuel” (i.e., its reac- 
tivity has dropped below that necessary for op- 
eration) or because the fuel elements have lost, 
or are about to lose, their integrity. These two 
limits on fuel life are usually referred to, re- 
spectively, as the reactivity limit and the metal- 
lurgical limit. Whichever limit is controlling, 
the average fuel-element lifetime can usually 
be maximized by the proper choice of refueling 
program. The refueling program affects also 
the spatial distribution of power within the re- 
actor, and frequently the objective in choosing 
the refueling program is not simply the exten- 
sion of fuel life but the attainment of a favorable 
power distribution as well. Evidently both of 
these objectives are important ones. The con- 
tributions of fuel fabrication and chemical re- 
processing to the total specific fuel cost (mills 
per kilowatt-hour) are inversely proportional to 
the average fuel-element lifetime. Extension of 
fuel-element lifetime may also, in many cases, 
reduce the net fuel burn-up cost. Improvements 
in the power distribution, on the other hand, can 
increase the permissible power output of a given 
reactor and thereby decrease the specific cost 
of the plant. 

Whatever the objectives are in choosing the 
refueling program, the choice sets certain re- 
quirements on the design of the reactor and the 
refueling machinery. It is the objective of this 
review to discuss briefly the characteristics of 
various possible refueling programs, to examine 
some of the general problems of refueling, and 
to list the refueling methods for various reac- 
tors which have been or are being built. 


Refueling Programs 


There are two variables in terms of which the 
various refueling programs can be character- 
ized: the fraction of the fuel elements replaced 


at each reloading and the system of repositioning 
fuel when reloading is done. 

Conceptually, the simplest refueling scheme is 
the single-batch reloading program, in which the 
entire core is loaded at onetime withfresh fuel, 
is operated until the reactivity drops to the mini- 
mum which will support operation, and is then 
reloaded with a complete charge of fresh fuel. 
Obviously, in this case, the question of reposi- 
tioning fuel does not arise. 

Single-batch (or full core) reloading yields 
the maximum operating time between reloadings. 
The period of shutdown for reloading can there- 
fore be rather long without causing an important 
reduction in the availability factor of the reactor, 
and the requirements on the refueling equipment 
are minimized. The system, however, imposes, 
to a greater or lesser degree, the following 
performance disadvantages on the reactor: 

1. The average “exposure” (megawatt-days/ 
ton) of the fuel is much less than the exposure 
of that fuel which spends its life in the highest 
flux regions of the reactor. Since the metallur- 
gical life of the fuel is usually expected to be 
measured in terms of the exposure, the average 
fuel-element life may be limited by failures of 
the most highly exposed elements. 

2. The average* fissionable isotope (U** + 
Pu) content of the discharged fuel is equalto the 
lowest average fissionable isotope content which 
will yield sufficient reactivity for reactor opera- 
tion. 

3. Unless the conversion ratio is very high, 
long reactivity lifetime usually requires the pro- 
vision of a large excess reactivity in the fresh 
core. This in turn requires the provision of a 
strong control-rod array, or, as an alternative, 
the use of a burnable poison. Aside from the en- 
gineering difficulties and direct costs associated 
with the control rods, the use of the rods (or 
burnable poison) decreases the neutron utiliza- 





*Average here implies a suitable importance func- 
tion weighting of the fissionable isotope distribution 
throughout the reactor core. 
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tion in the reactor: the rods absorb neutrons that 
might better be used for the production of fis- 
sionable plutonium isotopes. If a reactivity 
Ak ere/kegg iS held by absorbing control rods, the 
loss in potential conversion ratio* in the fresh 
core is given approximately by: 


1 
Loss in potential conversion ratio = ca --) 
Rett \f2s 


where f,; is the thermal utilization with respect 
to U**, For most slightly enriched reactors 
1/f.5 will lie between 1.2 and 1.8. Thus, if a re- 
actor has, say, 10 per cent excess reactivity for 
fuel burn-up held by parasitic absorbing control 
rods, the initial conversion ratio will be lower 
by some amount, probably between 0.12 and0.18, 
than it might have been ifthe same fuel had been 
used in a reactor of zero initial excess reac- 
tivity. Of course, as burn-up proceeds and the 
control rods are withdrawn, the neutron loss to 
the rods will decrease, and, over the life of a fuel 
charge, the average loss in potential conversion 
ratio will be roughly half that in the new core. 

This wastage of neutrons in control rods can 
be quite serious if there is aninherent limitation 
on the enrichment of fuel used in the reactor. In 
natural-uranium reactors, for example, it is 
usually found that the reactivity lifetime at- 
tainable with single-batch reloading is half or 
less of that attainable with more favorable pro- 
grams. The effect is due partly to the wastage of 
neutrons in control rods and partly to the cir- 
cumstance that the heaviest burn-up occurs in 
the regions of highest thermal-neutron flux, 
which are generally the most important regions 
reactivitywise. 

4. With the single-batch reloading program 
the spatial distribution of power generation 
throughout the reactor usually varies rather 
drastically over the core lifetime. The variation 
is due partly to the progressive withdrawal of 
control rods and partly to the uneven spatial 
distribution of fuel burn-up. The variation places 
limits on the degree to which the power distribu- 
tion can be flattened (e.g., by the use of nonuni- 
form enrichment) and on the degree to which the 
coolant-flow distribution can be matched to the 
power distribution (e.g., by orificing). 





*The potential conversion ratio is the conversion 
ratio which would exist if the lattice were so adjusted 
that all the available excess neutrons were absorbed 
in U738, 


The degree to which these limitations affect 
the performance and economics of the reactor 
depends strongly on other reactor characteris- 
tics. For reactors which employ enrichments 
several times that of naturaluranium, relatively 
attractive performance may be possible with 
single-batch reloading (see, for example, the 
discussion of the Stone & Webster— Combustion 
Engineering study of a large-scale pressurized- 
water reactor, in Section I). 

At the opposite extreme relative to single- 
batch reloading are the programs which ap- 
proximate fuel replacement by infinitesimal 
steps. A number of programs might be visual- 
ized which employ reloading by very small steps; 
an important one, which has been discussed by 
Spinrad! and others, is that which is character- 
ized by uniformly graded fuel irradiation. To 
visualize this idealized program, one may im- 
agine that the reactor contains a very large 
number of very small fuel elements, and that 
any local volume of the reactor contains fuel 
elements of all exposures, from zero to the 
maximum, equally distributed over the exposure 
range. At each refueling the elements having 
maximum exposure are removed from each local 
volume and are replaced by fresh elements. Thus 
the average fuel composition in any local volume 
remains constant with time (once the equilibrium 
cycle has been established). 

The idealized cycle, of course, requires that 
the period between reloadings be infinitesimal. 
However, since fuel-element lifetimes usually 
fall into the range of one to three years, it is 
possible in many cases to tolerate a refueling 
cycle time that is a small fraction of the fuel 
lifetime and hence represents a reasonable ap- 
proximation to the infinitesimal cycle time. The 
requirement that fuel replacement be made lo- 
cally, in all regions of the reactor, is a more 
difficult one to approximate in most reactors. 
However, it is useful to consider the character- 
istics of the uniformly graded irradiation pro- 
gram since many practical programs fall some- 
where between it and the single-batch program. 
In particular, it is instructive to observe how 
the deficiencies of the single-batch program are 
corrected in the uniformly graded case: 

1. All fuel is discharged at the same exposure 
level. Consequently the average exposure of the 
discharged fuel is equal to the maximum expo- 
sure, and the average fuel lifetime, as limited 
by exposure, is maximized. It is to be noted, 
however, that the fuel life as measured in 
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elapsed time is not constant for fuel discharged 
from all regions of the reactor but willbe longer 
for the fuel discharged from the lower flux 
regions. Consequently, if fuel life is limited by 
time of exposure (as, for example, if lifetime is 
terminated by corrosion of the fuel elements), 
the uniformly graded irradiation program may 
not be the most attractive. 

2. The average fissionable isotope content of 
the discharged fuel is not limited by reactivity 
considerations, provided the enrichment of the 
feed fuel can be chosen at will. Itis the average 
fissionable isotope content in the reactor which 
will determine the reactivity, and, if the enrich- 
ment of the feed is increased, then the fission- 
able content of the discharged fuel can be re- 
duced. This consideration may be important for 
reactors which employ enrichments inthe range 
of about 1 per cent, for it then may be feasible 
to discharge fuel that has a U*** content much 
below that of natural uranium. Since the U** 
which is present naturally in the uranium mix- 
ture is considerably cheaper than that which 
must be provided through enrichment, the pos- 
sibility of discharging fuel with very low U** 
content may represent a significant decrease in 
fuel costs. In a reactor operating on the uni- 
formly graded cycle, the lower limit on enrich- 
ment of the discharged fuel will be set either by 
the metallurgical lifetime of the fuel elements 
or by the consideration that fuel which contains 
little fissionable isotope will produce little 
power and will therefore act to decrease the 
average specific power of the reactor. 

3. Once the equilibrium cycle has been at- 
tained, the excess reactivity that must be con- 
trolled by control rods can be made arbitrarily 
small simply by decreasing the refueling cycle 
time. The loss of neutrons to control rods can 
therefore be made small, and the conversion 
ratio can be correspondingly increased. Very 
substantial gains in the reactivity lifetime of fuel 
of given enrichment can be achieved through an 
approximation to the uniformly graded irradia- 
tion cycle, which, although it does not yield the 
maximum attainable lifetime for fuel of a given 
enrichment, does yield a lifetime which can be 
regarded as close to the practical upper limit. 

4. The variation in spatial distribution of 
power over a fuel cycle can also be made arbi- 
trarily small by decreasing the refueling cycle 
time. The power distribution can be flattened by 
the proper use of variable enrichment over the 
reactor core, and this power distribution will be 


preserved with little variation over the life of 
the reactor. Alternatively, flattening might be 
achieved with feed fuel of uniform enrichment, 
provided the degree of exposure of the dis- 
charged fuel was allowed to vary over the core 
volume. Thus the fuel might be run to higher 
exposures in the higher flux regions, to give a 
lower average enrichment in these regions. For 
such a case it is no longer proper to speak of 
uniformly graded irradiation over the reactor as 
a whole, although the fuel exposure in any given 
local volume of the reactor is uniformly graded. 
For such a case the average exposure of the 
discharged fuel is, of course, no longer equalto 
the maximum exposure. However, this variation 
on the cycle does goin the direction of equalizing 
fuel residence time in the reactor and might be 
attractive in certain praciical cases. 

The two cycles considered to this point keep 
each fuel element in a constant position during 
its entire time of residence in the reactor. Fur- 
ther variations on the cycles can be made by 
shuffling the fuel—that is, by changing the posi- 
tions of fuel elements during their residence in 
the reactor. For example, in the single-batch 
reloading case, it would be feasible to shuffle 
the fuel several times during the life of a fuel 
charge in such a way as to approach equalization 
of the exposures of the various elements during 
their residence time. This procedure would re- 
duce the ratio of maximum-to-average burn-up, 
and it should increase both the average metal- 
lurgical lifetime of the fuel and the average re- 
activity lifetime. It is not often a practically at- 
tractive system, however, for if the reactor is 
to be shut down several times during the life of 
a fuel charge for reshuffling of the fuel, it might 
more suitably employ the shutdown periods for 
refueling on one of the more attractive cycles. 

The combination of fuel shuffling with frac- 
tional reloading in many cases leads to refueling 
programs that (1) approximate the advantages 
of the uniformly graded irradiation cycle, (2) may 
have additional performance advantages, and 
(3) at the same time may be easier to adapt to 
practical reactor systems. If, for example, fuel 
is always loaded only at certain positions in the 
reactor core and is discharged from certain 
other positions, and if ali fuel elements, during 
their lifetimes, occupy the regions of various 
neutron-flux level for equal times, then all fuel 
elements will be discharged from the reactor 
with equal exposure levels after having spent 
equal residence times in the reactor. Two ex- 
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treme cases of this system can be recognized. 
One, which will be called the inward flow pro- 
gram, provides for the addition of new fuel ele- 
ments at the periphery of the reactor and dis- 
charge of spent elements from the center of the 
reactor. Each time a batch of new elements is 
discharged from the central region, all remain- 
ing elements are shifted inward, leaving empty 
positions at the reactor periphery where the new 
elements are added. This inward flow results in 
an equilibrium fuel distribution having the mini- 
mum enrichment at the edge. This distribution 
will flatten the spatial distribution of power gen- 
eration in the reactor, but will yield, fora given 
feed enrichment, a somewhat lower reactivity 
lifetime than may be obtained with uniformly 
graded irradiation since the fuel of lowest re- 
activity occupies the central, important region of 
the reactor. 

The reverse scheme, which will be called the 
outward flow scheme, feeds fresh fuel into the 
central region of the reactor and removes spent 
fuel at the periphery. It results in a power dis- 
tribution that is peaked at the center of the re- 
actor and yields a fuel reactivity lifetime some- 
what higher than that for the case of uniformly 
graded irradiation (this scheme is postulated for 
the large heavy-water-reactor design study by 
Sargent & Lundy and NDA, which is discussed in 
Section I). 

Practical considerations enter very strongly 
into the actual fuel cycle selected for a given 
reactor. Important among these considerations 
are the reactor core structure, the means of 
access to the core, and the shutdown time re- 
quired for fuel reloading. Obviously, if means 
can be provided for refueling the reactor under 
power, then there is no important restrictionon 
the frequency of reloading, and it is feasible to 
approach rather closely some of the more at- 
tractive theoretical cycles. If the reactor must 
be shut down and depressurized for reloading, 
then it is obviously desirable to reload relatively 
large fuel batches. However, any fractional re- 
loading program usually yields some improve- 
ment over the single-batch program, and, if the 
batches can be as small as one-fourth of the 
total number of fuel elements, the performance 
gains usually become quite substantial. 

The limitations imposed by reactor and fuel- 
element structure are rather obvious. When the 
fuel assemblies are full core length, as is usu- 
ally the case in H,O reactors, no freedom of 
programming is available in the axial direction. 


If the reactor core comprises a relatively small 
number of fuel assemblies— again as is usual 
in H,O reactors—an approximation to the uni- 
formly graded program is obviously impossible. 
However, in such a case the use of small batch 
reloading in combination with fuel shuffling may 
still yield important performance gains. 

Even when fuel elements of fractional core 
length are used (as in the gas-cooled graphite 
reactors), the degree of axial shuffling of fuel, 
or of partial reloading in the axial direction, may 
be limited because of the rather large amount of 
fuel-element handling required. A possible sys- 
tem, which does much to equalize the axial ex- 
posure but which requires relatively little fuel 
handling, is simply to divide at the center the 
fuel in a given reactor channel and to invert the 
two half-sections of fuel one or more times 
during residence in the reactor. This system is 
planned for the Hunterston reactor, which em- 
ploys short fuel elernents. It is alsoa possibility 
for any reactor that can use fuel elements of 
length not greater than half the core length. 

Another type of program applicable in reac- 
tors employing short fuel assemblies is the push- 
through program. It is particularly applicable to 
reactors in which the fuel-channel axes are 
horizontal. In such a system new fuel is added in 
short segments, always at the same end of a 
given channel. The introduction of the new as- 
sembly (segment) pushes an exposed assembly 
from the opposite end of the channel into the 
discharge mechanism. At equilibrium each chan- 
nel contains fuel whose exposure varies gradu- 
ally from zero at the charging end to the maxi- 
mum at the discharge end. The axial neutron-flux 
distribution will, of course, be determined by the 
average axial variation in fuel composition. If 
all fuel channels are fed from the same end of 
the reactor, the axial distribution will be shifted 
(from the uniform-loading distribution) toward 
the feed end. This shift may or may not be un- 
desirable, depending on the characteristics of the 
heat-removal system. If fuel is fed from opposite 
ends of adjacent fuel channels, then the average 
reactivity does not vary much over the length of 
the reactor, and the axial flux distribution is 
close to that of the uniformly loaded core, 
although the axial power distribution will vary 
in the individual channels according to the varia- 
tion in fission cross section. 

With bidirectional push-through a close ap- 
proximation can be made tothe uniformly graded 
irradiation cycle. All fuel can be discharged at 
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the same exposure level if the rate of push- 
through is properly chosen for each channel. 
Alternatively, the rate of discharge from the 
central channels can be slowed down to dis- 
charge the central fuel at a higher exposure, thus 
achieving radial flattening of the power distribu- 
tion at the expense of average fuel lifetime. This 
extremely flexible system, which is planned for 
the NPD-2 reactor,” is quite attractive perform- 
ancewise, although it may be expensive to build 
since it requires both charging and discharging 
machinery at both ends of the reactor. 


Examples of Reactor Performance 
with Various Programs 


An analysis of some characteristics of various 
reloading cycles has been given, for specific 
hypothetical reactors, in reference 3. 

One of the reactors studied had the charac- 
teristics listed in Table VI-1. 


Table VI-1 CHARACTERISTICS OF REACTOR 
FOR REFUELING PROGRAM STUDY 
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Table VI-2 REACTIVITY LIFETIME FOR VARIOUS 
FUEL-RELOADING PROGRAMS 





Reactivity lifetime, 


Reloading program Mwd/ton 
Single-batch, fixed location 3600 
Single batch with complete shuffling 

to give uniform burn-up 5000 
Uniformly graded full-channel 

reloading 7300 
Single-direction push-through 7900 
Uniformly graded irradiation over 

full core 9000 








Type CO,-cooled, pressure tube 

Moderator D,O 

Fuel elements 0.75-in.-diameter natural-U 
metal rods, finned Mg 
jackets, 7 rods per bundle 


Pressure tubes Zircaloy-2; 5.5 in. ID; 0.125 


in. wall 
Equivalent bare core size 26.8 ft in diameter by 20.0 
ft long 
Volume H,O/volume U 17.0 
Void volume fraction 0.20 
k (initial, hot, equi- 
librium Xe and Sm) 1.0739 
n 1.318 
€ 1.025 
p 0.865 
f 0.919 
M? (cm?) 402 
Bi (cm~?) 6.108 x 1075 
Reg, (initial, hot, equi- 
librium Xe and Sm) 1.0480 
Initial conversion ratio 0.85 





The reactor is rather large, is D,O- 


moderated, and uses natural-uranium metal 
fuel. Because of its large size it would be ex- 
pected to be particularly sensitive to distortions 
of the power distribution by nonuniform fuel 
burn-out. The calculated reactivity lifetime of 
the natural-uranium fuel is given, for several 
reloading programs, in Table VI-2. 


The terms describing the reloading programs 
are mostly self-explanatory. The term “uni- 
formly graded full-channel reloading’’ is in- 
tended to describe the program which gives the 
closest approach touniformly graded irradiation 
over the full core and which can be achieved with 
fuel elements of full core length. The elements 
are assumed tc be infinitesimal in diameter, and 
reloading is assumed to occur at infinitesimal 
intervals, to give, in the equilibrium condition 
studied, constant fuel composition in any plane 
perpendicular to the reactor axis. In the axial 
direction the fuel composition varies according 
to the equilibrium burn-up distribution for the 
program. 
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Figure 7—Change of power distribution during opera- 
tion with fixed fuel charge.® 


It may be seen from Table VI-2 that very 
substantial gains in reactivity life can be made 
by the choice of a suitable reloading program, 
even within the limits imposed by practical con- 
siderations. The improvements possible in aver- 
age metallurgical lifetime should be equally 
impressive. 

Figure 7 shows the calculated power distribu- 
tion, at the beginning of life (when the excess 
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reactivity is assumed to be compensated by uni- 
formly distributed absorbers) and at the end of 
life, for the case of the single-batch, fixed- 
position reloading program. The variation in 
distribution is quite pronounced. Figure 8 shows 
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Figure 8—Axial power distribution in reactor with 
equilibrium unidirectional fuel push-through program.” 


the calculated axial power distribution for the 
equilbrium unidirectional push-through pro- 
gram. This program, although it gives a rea- 
sonably long reactivity lifetime, is evidently not 
the optimum for this reactor. The distortion of 
the axial power distribution would evidently be 
much less if the reactor wereafew feet shorter. 
Some distortion of the axial distribution, to shift 
the maximum toward the cooler (inlet) end of the 
reactor, is desirable if fuel-element surface 
temperature sets the limit on heat removal. 
However, the distortion shown hereis large, and 
the bidirectional push-through program, which 
gives an average power distribution nearly the 
same as that for the uniformly loaded core, would 
probably have considerable advantage for a re- 
actor of this size. 


Considerations in the Design 
of Refueling Machinery 


The foregoing discussion has indicated some 
of the advantages in reactor and fuel perform- 
ance that may be attainable through the use of 
favorable refueling programs. It will usually be 
the objective in the design of the refueling ma- 
chinery to provide for the most favorable pro- 
gram compatible with the basic characteristics 
of the reactor. Other considerations and prob- 
lems will, of course, enter also. Some of these 


considerations are discussed in the following 
sections. 


Geometrical Considerations 


The selection of fuel posture, i.e., whether the 
longitudinal axes of the fuel bundles are disposed 
horizontally or vertically, usually has a great ef- 
fect upon the basic design of the devices used for 
inserting fuel into and removing it from the 
core. These devices usually are either heavily 
shielded or work in a shielding medium (H,O, 
sodium, etc.) and can be smaller and less com- 
plicated if the force of gravity acts ina direction 
that is inherently compatible with the general 
fuel-handling scheme. The heavily shielded de- 
vices are usually easier to support and require 
less complicated structure if they are disposed 
vertically. This is particularly true if the fuel 
assemblies to be handled are very long. Most of 
the reactors built or under construction are 
vertical. Notable exceptions are the French G2 
and G3 reactors‘ with their large, gantry-crane- 
suspended, horizontal machines, and the Cana- 
dian NPD-2 reactor.’ Both of these reactors 
employ short fuel assemblies and reloading pro- 
grams of the push-through type. 


Fuel posture also affects the requirements on 
fuel-retention mechanisms. Ifthe reactor design 
is such that the elements are heldin place by the 
force of gravity, without extra latching or hold- 
down devices, the procedures and machinery for 
reloading may be simplified. 


An important consideration is the degree of 
interference offered to the reloading procedure 
by other components of the reactor. The control 
rods and their operating mechanisms are usually 
the most important obstacles. The interference 
can, of course, be minimized by operating the 
control rods and the refueling machinery from 
different faces of the reactor. From this point 
of view the most favorable situation is one in 
which the axes of the control rods are perpen- 
dicular to those of the fuel elements, but such an 
arrangement is precluded in many reactor sys- 
tems by other considerations. When control-rod 
and fuel-channel axes are parallel, it is usually 
helpful to actuate control rods and handle fuel 
from opposite ends of the reactor. Thus the 
EBWR, which refuels from the top, has bottom- 
mounted control rods, whereas the Hunterston 
reactor, with top-mounted control rods, refuels 
from below. Such arrangements add to the over- 
all height of the installation and may complicate 
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the support and housing of the reactor. Conse- 
quently many vertical reactors are designed with 
reloading and control-rod actuation both at the 
top, despite the convenience advantages which 
may result from separation of these activities. 


Cooling, Shielding, and Transport 
of Spent Fuel 


Fuel, after having been irradiated, continues 
to generate considerable heat by the 8 and } 
decay of fission products, even after removal 
of the reactor neutron flux and after cessation of 
fission. This heat generation decreases with 
time, but relatively slowly if the irradiation 
period has been long. The cooling of the fuel and 
the shielding of personnel from the fission- 
product radiation add greatly to the complexity 
of the problem of removing and transporting 
spent fuel elements. 

The rate of heat generation in irradiated fuel 
and the intensity and spectrum of radiationfrom 
such fuel are important considerations in the de- 
sign of refueling systems. Early data on these 
characteristics are given in a number of papers 
in reference 5. References 6, 7, and8are useful 
sources of more recent information (reference 
8 is reviewed in Section II). 

Usually the operation of spent-fuel removal 
can be considered to include removal of the fuel 
assembly from its position in the reactor core 
and transport of the assembly to a cooling fa- 
cility, where it is stored until its heat generation 
rate has decreased sufficiently to allow conven- 
ient shipment or reprocessing. Adequate cooling 
and shielding must be provided during the re- 
moval and transport operations. 


Refueling Under Power 


If refueling is to be done while the reactor is 
operating, the problem of cooling of the spent 
fuel becomes much more difficult. In addition, 
solutions must be provided for the following 
problems: how to avoid interference with 
control-rod and safety-rod action; how to main- 
tain the integrity of the coolant system during re- 
fueling; how to avoid positive or negative power 
excursions due to the accidental rapid insertion 
of fuel or the accidental or purposeful removal 
of fuel. Further, additional attention must be 
given to the problem of personnel safety. Since 
most reactors employ pressurized coolants, 
which must be contained by the refueling equip- 


ment during fuel manipulation, both the acci- 
dental separation of the machine from the reac- 
tor and the possible rupture of the transition 
section must be considered. Machines for this 
purpose are usually designed to be operated re- 
motely, from a protected location, with provision 
for local control if necessary. 


Remote Vision 


A point worthy of careful consideration in 
refueling-equipment design is the provision of 
visual aids to the operator. Regardless of how 
well a completely automatic device is designed 
and how completely the procedure is instru- 
mented, there always exists a possibility that a 
situation may develop (due to warped or stuck 
fuel, damaged guides, or mechanical failure of 
the machine) that may result in an accident or 
serious jamming action. If provision can be made 
for visually aided remote control in place of, or 
in addition to, fully automatic control, many such 
situations may be averted. Some ofthe refueling 
approaches in current reactor designs provide 
for periscopes or television systeins to effect 
this aid, although this is usually not discussed in 
detail in available reports. Those systems using 
a tank of clear water asa shielding medium give 
the operator an excellent means for sensing the 
unusual situation and taking corrective action. 
However, even these tanks often are equipped 
with underwater periscopes for close-up vision. 


Typical Refueling Methods 


In Table VI-3 are listed characteristics perti- 
nent to refueling programs and refueling meth- 
ods for a number of reactors whichare in opera- 
tion or under construction. 

A number of refueling systems can be identi- 
fied which characterize some of the reactor 
types. 


H»O-moderated Reactors 


The refueling of H,O-moderated reactors un- 
der power would present rather serious diffi- 
culties because of the rather high specific power, 
the compactness of the core, the usually high re- 
activity worth of single fuel assemblies, the flux 
peaking which would occur in the empty fuel- 
element channel after removal of the spent ele- 
ment, and, in forced-circulation reactors, the 
bypassing of a substantial fraction of coolant 


(Text continues on page 








NERAL RESEARCH AND DEVELOPMENT 


*Suljonjor Zuting. 





OT ‘PT ‘TT Ot “Ht “ET PT OF TT TT 93 6 *SooUsTajoy 
‘syuaure[a Jo dno1z3 v jo 
suo Aue dAOUTAI 0} pray 
aidde13 ayqeyasjjo yyIM 
*aaoqe Woy por ajddei3 Suo] yrasuy “¢ 
A]{O911Ip [any Mau sONpoIzU] *s *aaoqe wor AT1001 *peay [A9SS9A UT SI9A00 
*aaoqe WOIy ‘ood Bujljooo -Ip [any Meu soNporyUT *¢ y1od OT JO T sAoWaY °Z 
A]JOaLIp JonJ MoU soNpoIyU] *sS aPIs}no 0} Burpee] aynyo *jood Zutjooo *1oJOvVaI BAOQE jId Poo,y “T (q) 
*jood Zutlooo 0} 19}8M JOpuN Jajsuvl] *F @PIsjnNo 0} Surpesy] aynyo *jood A[qurassesIp 
apIsyno 0} Zurpea] eynyo *sqUsUIE|9 0} 19}8M JOpuN Jojsuvl]y, “Pp 0} [vuBdS YSnoIY) ‘19}eM 
0} toyeM TOpUN Jojsubiyl “fF [eNPIAIpUl sAOoUIeI *syUSW9[o Japun 9100 afoym sAOoWAaI 
*sJUSUIa]9 [BENPIAIPUl sAouIaI ‘queio yid-9yj-19A0 Suis ‘“¢ [enplAIpul saowal pue Sif yuowUSI[e y1oSuU] “¢ 
‘gueBio yid-9yj-19A0 Busy ‘¢ *QINJONIJS pOI-[01}U0d ‘gueio yid-9yj-19A0 Buisy ‘¢ *Tayem UTM 
*peay [ASS9A sAOWIOY °Z pue pesy [aSSaA sAOWIOY *Z *peoy [eSSeA sAOWIDOY °Z IOJOVaI sAOgE jId pooTy *Z 
“ToyeM *1ayeM psye10g YM *19yeM YYIM *aINjONIYS [O1}U0d 
YUM 10JOBVaI BAOgE jId Poo[y ‘T 10j}OBaI BAOGE 31d poo, y *T IoyRar saoge yd poo, ‘T pue peasy [eSssaA sAowW say ‘T (8) :aInpss01g 


aynyo pue [oog 
Surye1sado on 


Iamod [[ny 7e 
skep 009 19zJ8 peojer [Ing 
O*H 
[BOILIOA ‘UL0}}0g 
[eoy198A ‘doy 
G°3% 


2QOUL JO U01/PMW 000'8T 


aynyo pues [00g 
Suryer9do ON 


ramod %0g 78 
SY90M LE 1aJe peolel %o¢ 
o°H 
[eoIz.I0A ‘doy 
[eojaz98a ‘doy 
29ST 


uo}/PMIN 0028 


aynyo pue [00g 
Surje1sdo jON 


Iamod %O0T 38 
SYI9M 09 19Ye peojar [[Ng 
O*H 
[BOIWAIA ‘WI0}0g 
[eonasaa ‘doy 


JI] 8100 PMN-0SLF 


jeuvd pue [oog 

Surjyetado ON (q) 

Sutjzetado JON (8) 
(perinba. se) 

JUNUWIaTa TENpPlAIpU] (q) 

9109 9TOUA (¥) 

o*H 

[Bo1VIaA ‘doy 

[eojaz0a doy 


(pees *UTW) U0Z/PMIT O000S 


:yoroidde Surjanyay 


,UOTJIPUOD IOJOVAY 


:uevis0id Sulpvoley 

syuRlooD 

T9ALIP PpOI-[O1}UOD 

:uorysod Sutjenjyoy 
70U07/ (1) MIN 

‘ramod oyloeds 

:dn-uaing 


yal 9L ge jyoyUR]q EIT ‘pees ze :SJUMUTa]a JO “ON 
oS Suot ‘ul g9¢{T Aq arenbs ‘ul g*c Suol ‘UI OTT Aq arenbs ‘ur o*y Buo] ‘ul gg Aq arenbs ‘ul 9°z Suo[] “ul OTT Aq arenbs ‘ul oS :aZIS JUaWIa|y 
O096T 096I LS6I LS6I :1BaA dn-}.1 81S 

[e194 ZO [einjeu pue 


-BUl 8[1}1aJ-WINI10Y} ‘Tang 
wintuvin payotiua ATysty ‘UMd 
(®)MIA GLZ Jeaysedns pory 
~[1O YIM *(8) MIN COT ‘Q) MI SBS 

‘OD UOSIPY payepljosuog 
Bul1o9utZuq Orta 
XOOTIM BF Yoooqeg 

S9ze1g poyun 
QuUIOdg uBIpUu]) YLAO 


jeny wntuesin 
peyotsua Apysiis ‘UuMd 


(MW PET ‘Q)MW 28h 

"OD 911}09TH O1woZY soyUeA 
IajsqaM BF au0js 

d11}91q ssnoySuljsap 
$9}e1S pezul) 

aoxue, 


jany winiuein 
peyolius ATysTy ‘YMd 


(MW 8°T ‘Q)MW OT 
Away ‘"s' 
IaysqaM BF suo 
syonpoidg Oo|y 
sozyeys paeytuy 
T-UddvV 


wntuvin payottus ATYysty ‘yany 
wntuevin payomuea ‘WMd 


(A) M1 09 *Q) MW S27 
‘oD WSIT ousanbng 
TIIsSqaM FY auoiw 
da] q osnoysuynsoay 
sazyeig powup 
yrod3urddrys 


:adA] 


Buney 

1oyVIAdO 
eoutsuq—-yoawyory 
ireusisaqd 

:AIqUNOD 

SUOTPBVOY Uap] 








SHOLOVAY 'TIVYAAUS AO SOILLSIMALOVUVHO ONITANATH €-IA PIGeL 


56 








n 
io] 
fe) 
e 
fe) 
< 
ts] 
eo 
4 
fe 
=) 
fe 
= 
: 
oa 
oO 
om 
2 
Q 
fe) 
m 
e 
fz] 
= 
o 
Z 
i. 
fs] 
> 
Fs 
fx] 
og 





ZZ ‘1% 


*Burpenjor 07 A104 
-viedeid Zurplerys 10 spor [014 
-U0d JO [BAOUIAI 0} SB 9[QBITBAR 
S] UOIJVULIOJUT ON :4F.LON 
*jood 03¥1038 B 0} syUoUI 
-9]2 [WNpTATpul 9y} esAour 
0} pasn s] Uyjjoo Burprerys Vy °Z 
*peoy [9SS9A OUT polees 
A|[eNpIAIpul ore szUeUIET| *T 
uyyjoo 
Burze19do JON 


pormbel sy 

O’d Burtiog 

jeorywte8d ‘doy 
Teow1e8a ‘doy 
MO'T 


9Té 


Buoj “Ul E61 Aq ‘BIp “Ur T 
6S6T 
2ON poyotsue :a100 
puooses *2on pure uintuein 
[Banjzeu :a109 ys11j {O%q Bulpiog 
Q)MW OT 
euIquIOD [elzysnpuy WLM 
(IIND) 
ayNy WSU] UsSTSYyoIW ueysSIIyD 
(V4I) B19uew0zy 
IOj 93Nz1}su] uvTZomI0N 
AGMION 
uepleH 


02 ‘PT ‘TT 
*193BM 
yd 94} y8no14} AT}00I11p 
peonpo.rjzuy st [eNJ MON °*s 
*jood 
Buy[ooo & 0} peaAou Ss] 4] 
YoTyM ul ‘[euBd UBOUBIIO} 
-qns B U] J9J1189 poyUNOW 
-[] 81 B OJUT PATOMOT 8] 
VW ‘TINY 8} YORI 043 UEYM “Fh 
‘your [ony 1038 JOpuN 
ul 9oR]d pus squeule[o 
[enplArpuy sAourer ‘19d 
-deiZ pue ouvio 8 BZuisp ‘¢ 
*peoy [98S0A dAOUIOY *Z 
*19yeM YM 
Op BeI BAOgGE Id pooly ‘T 
[euevo pus [oog 
Burye19do0 ON 
zamod ¥01 
ye SYOOM QZ 19zyJe peoter %0Z 
OH 3ulTIog 
[BOIVIOA ‘UI07}0g 
jeo198A ‘doy 
S°6 


U07/PMIAL 000‘ OT 
88h 


Zuo] ‘ul LTT Aq orenbs ‘ul ¢'p 
6S6T 


Jeny uMTUBIN peyotiue 
ANysis “UMA eToA0-Tenq 
(2) MIN O8T ‘(Q) MW 929 
‘OD UOSIPY yI[BemMUOUIWIOD 


1a1qoog 
d11}091q [Br98uey 


se1e1g pozun 
uepse1d 


61 ‘TT 


‘9381018 

IO} [00d Buyjooo eB 0} 
poy1odsuvs} 8} juowe]q 
*Znjd oy} uo paortd 
uljoo 8 ojuy dn yuowaele 
a[auls @ MBIpP 0} a[ddviZ 
Bujdoose]e} & yyWII0d 

0} pe}e101 puke paussoo] 
8S} sTyUL ‘uoT}e1edo 
Zulinp umop pedureyo 
Ajquiesse Znjd oy13U90090 
Zul,e101 BTqnop B jo 
8}8}]sUuod 10;0veI Jo doy, *T 
uyyjoO 

Buyjze19d0 jON 


N 


porjnbor sy 
O*H 3urT}og 
[BOT1Z9A ‘W107}0g 
[e0}710A ‘doy 
aTqulIeA 


[eqewyredxy 
("xX8Ul SPT) 9L 
Zuo] 
‘ul g'2L Aq oxenbs ‘uy 1°¢ 
9S6T 


jeny wintuein 
poyortue A1Wy3118 ‘UMA 
(®)MW S ‘() MW 29 
INV 


Apun’] 3 yueZ1eg 
"INV 


seyeys peu) 
T-UMaa 


8T ‘LI 


*poov[der aq uv. 9100 BToumM 

9} ‘peoled [[Nj 107 :FLON 
eaoqe 

wo1j [any MoU BsoONpoOrz *¢ 
‘ood 9%¥1038 
ay} UT syoHORl Zullooo 

0} 19]8M JOpUN JajsuBl] ‘Pp 
‘9uBrI0 JO asn 

hq ‘syuawee a[Zuls sAowsy ‘¢ 
*@INjONI}S pOr-[013U00 

pue pvoy [9sseA sAOUIOY *Z 
*I3yeM UM 

10}Ov9I AOE 31d pooly ‘“T 

100d 

Zutje190d0 JON 


peolar Yee 
0*H 

[#01190 ‘doy 
[@o1710A ‘doy 
e°Lt 

u07/PAW 00€8 
6hE 


Buol ‘uy 9gT Aq xey ‘UT L's 
(8S6T ‘Sny) uoyjONI3su09 Iepup 


jenny winjuein 
poyoriue ATW43I1s ‘UMd 
(2)“W 012 ‘Q) MIN 092 


ussn 
YZouoloA 


‘Ba0UaL AI AY 


:aInpso01g 


:youordde Zuljenjay 


[UOT}]puod IOJOvOY 


:weiZ0id Zulpeolay 


2yuBl[OOD 

:@ATIP pOl-[013U0D 

tuol}1sod Zuljenjay 
*003/ (3) MIN 

‘zamod o1jjoedg 

:dn-uing 

sJUdUIa[9 JO ‘ON 


18ZIs JUsWIOTA 
:1B0h dn-1181S 


:adAy 
Burney 
:10}e13d0 


:1e9ulsZuq-yOo}YOIy 


:1ousISseq 
:Arqunog 
*UOTBOTJIZUSP] 





(penutzwuoD) §=§-IA eIqey 





GENERAL RESEARCH AND DEVELOPMENT 


co 
w 





82 ‘LZ ‘PT ‘IT 
3x9} 99g 

yUBIOOD 10}OBAI UT 

poyied Zuyjooo yyM ‘euTyoRul 
pazeiredo Ajajoura1 peB1auiqng 


Zulje190d0 }ON 

s[BA 

-13}U] Y90M-Z yNOgGe je syuoUr 
-a][3 Jo sdnoi3 {jews sovldey 
uinIpos 


Tessa ‘doy 
yeonsaa ‘doy 
orl 


yOHUBTG ZLG ‘[ENy 16 
Buoy ‘ul 796 &q orenbs ‘uy 1°2 
0961 
yoxueyq 
winiuBin peze[dap ‘[any 
WNJUBIN peyojiue ‘10j08eI 
}8Bj polooo-winypos ‘1apeei1g 
(®)4W OOT ‘Q)4W 008 
‘dio9 
juauIdo[aAeg 10}DvaYy 1AMOg 
*di09g 
quouidojaaag 10,08ay I3aM0g 
sojyelo0ssy 
quawidojeaag 1aM0g d1W0}Y 
§978}§ paul 
Wat OU 


9% ‘SZ ‘IT 
3X9} 90g 
qURIOOD 10};0BeI UT poled 
Bul[ooo yy ‘ouryoeul 
poyerodo A[ajoul1e1 peZ1auqns 


Burye19do 1ON 


[eyuew1edxy 
uintpos 


Teonzea ‘doy 
yeotz1ea ‘doy 
OFT 


u0}/PMI 000‘02~ 


16 
Buo] ‘ul 76 Aq xey ‘Ul E°Z 
0961 


yoyue]q wWNnyuBIN payaidap 

‘jany wnyuein payol.iua 
‘10}0BaI {SB} pa]ooo-winIpog 
(2) 02 ‘Q)4W $°29 


‘INV 
uosn3194 ‘3 ‘H 
"INV 


89}8)g payun 
-uaa 


v2 ‘Z 
3x9} 90g 


euyTyoeul poyerado Ajajowsy 
(B1sd O€OT = d ‘doSZS = L 
qUBlOOD *xeul) ZuTyB10dO 


yZno1y} 
-[enj-ysnd [euo}oa11pig 
oa 

ainzyereduis} pue 
[@A9] LOJBIOPOU BIA [O1}UOD 
ye}UOZII0Y ‘spus Z 
9°TT 


u0}/PMW 0002 

saqn} [eny 
ZET taqny 10d syuowaye ¢ 
Buoj ‘ul oz Aq ‘eIp ‘ul F 
T96T 


Ten 
wWINTUBIN-[BINjeU ‘10}08aI1 
aqnj}-ainssoid 139};eM-AAvopH 

(®2)4W 02 ‘Q)4W 08 

*prT 

‘epeueod jo AZ10uq O}W0OVYV 
*pYl 

‘epeueyd jo AZ10uq O1W0LV 
*prl 

‘epeued jo AZ10uq O1WO}Y 
epeueD 
2-ddN 


£2 
1x9} 90g 


UIJJOD pa[ooD 
(ZoL9T = L 
quejooo *xeul) Zurjyeredo 


porinbal sy 
o*a 


yeoz0A ‘doy 
yeotz190A ‘doy 
[eyewtsadxg 

002 


Buoy ‘ut 009 Aq ‘eIp ‘ul ¢ 
LS6I 


[eny winjuein 
-[Binzeu 10}0801 139}emM-AABOH 
Q)4W 002 


‘Pr ‘epeued jo AZ1auq o}WO}Yy 
"py ‘epeued jo ABZ10uq oTWI0;y 
*py] ‘epeued jo AZ190uq oF WO}Y 


epeuep 
Nun 


:gooud1ajoy 
:ainpssd0ldg 


:yovoidde Zuljenjoy 


2U0T}IPUOD I0;OvaY 


:weiZ01d Zulpeolay 
2jUB][OOD 


:@ATIP POI-[0.1}U0D 
:uoT}Isod Zuljenjay 

7007/0) MIA 
‘remod o1jToadg 
:dn-uing 


:SJUSUWI9]9 JO ‘ON 


:9ZIs JUOWII[ A 
71804 dn-3181¢ 


adh 
Burey 


71078.10d0 
:1o9ouTZuq -yOaIYOIy 
:19usISsoq 


:ArqunoO 
sUOTPBOT USP] 





(penuywuoD) §=e-IA PIQeL 











a 
wo 


REFUELING METHODS FOR SOLID FUEL REACTORS 





Ze ‘TE 


‘ood Aqivoeu 
B OJUT PI9TOMO] USY} puB pesTeI 
Ajajowar st ‘sra0eds az1ydei3 
pue ‘Zurqn} oanssead ‘jany 
UIIM ‘ToUUBYO Z[ZUTS oATJUa UY “¢ 
*Burqn} jaT}No 
pue jO[UI JOOUUODSIP 0} posn st 
eulyoew Zurje[ndiuew s[iqou y °Z 
*w0}}0q 94} 18 
ABM ay} JO 3NO are Spor [O1]U0D 
*10OJOVII BY} JO ddI do} oy} 
38 BIB SUOTJOOUUOD jUBIOOD [IV ‘T 
WOO. 1030801 paplerys 
Butje19d0 JON 


Shep O€L 29Jt] JUOWIETT 


weejs pue O° Burjiog 
[BOVA9A ‘U10}}0g 
jeon190A ‘doy 

9T’é 


U0}/PMI 0082 
866 


(soqn} oinsseid juesIjUuee. 
Burpnyouy) Buoy ‘uy og Aq ‘erp ‘ur ¢ 
296 T-- 096T 

Jeny wintuein peyots 

-ue A]VYBITS eqn} sinsseaid But 

-jeayredns pozye1opoul-9a}z1yde13 
‘palood-19a3emM ‘a[oA0-Teng 
(2)MW OOT ‘Q)MIN $8Z 


ussn 
[B19 JeTAOS 


Té 


*MOTEq 19}BM BY} OJUT peBrvyo 

-SIp pue do} 0y} 38 poyies 

-Ul ST [ony }eYy} pue TOJOvVOI 

ey} MOTEq pouOoT}Isod st 10}eM 

jo [ood o3.1v] & yey} Savodde 31 

SOS¥9[9I WII} WOT ‘oTqu{TeAe 
ST UOT}VULIOJUT PoTIejep ON 


Butje1edo JON 


O*H 
jeonz98a ‘doy 
[TBoTVIOA 


Buo] 33 $z Aq ‘eTp ‘ul p~ 
8S6T 


Jen} wntuvin-[einzeu 

feqn} einsseid ‘poye1epoul 
-az1ydei3 ‘palooo-1938 M4 
(®)MW OOT ‘Q)MIW 2 


ussn 
BIL9QIS-191A0g 


TE ‘0€ 


*s.10}90UU09 
JUB][OOS 94} JO uOT}OOU 
-UOODSIP 19338 UBIO po}E.IO 
-do Ajajowe.1 Aq a[qeaouiss 
ST YOTYM 91quITY) [BoTIpuT{AO 
Zuo] & ul peBeyoed are (puso 
QUO 3B BABS] PUB I9}U9 YOTYyM) 
seqn} ainsseid eidij[nw pue 
‘sasoeds oj1yde13 ‘sZura [ony 
Burpnjour ‘jouuevyo oijue uy ‘T 
Wool 10}088I Peplstys 
Butjeredo JON 
¢8uryyynys 
[ony [eIper .,Ul-9ptsjng,, 


O*H 
[eona0a ‘doy 
[eo190A ‘doy 


u07/PMI 000‘ST 9} 000‘0T 
8zT 

(seqny 

einsseid jueI}UGeI Zurpnyout) 
Buoy “ut 19 Aq ‘erp “ur Y¥,7~ 
bS6T 

Teng 

wintueain poyorzue ATVYSI{s 

feqn} oinsseid ‘pa}erepow 
-o}14ydeiZ ‘palooo-139,eM 
(®)“W ¢ ‘()MW 08 


ussn 
(ysuluqO) I-SdV 


6% ‘SZ ‘PT 
*yoRr oy} 0} 
s}UsWI9]9 9Y} SAOU 
0} JuBIOOS enbedo 
Ajarvau ay} oUt dip 
0} pesn st za[dde13 
pexepul-uorstoeid y “¢ 
*peaoul 
-o1 a1 A[quiosse 
@ALIP pOI-[013U00 
pue peoy [esso, °Z 
*yuBIOOO 
9Y} UT jNq ‘8100 9y} 
eaoge ‘yovI 0381038 
aie[nuue ue sopraoid 
JESS9A IOJOBVOI SUL “*T 
100d 
Bu1je19d0 10N 


peitmnbel sy 
({AueydAjod) 
WO xemojues 
jeons08a ‘doy 
Teon10A ‘doy 
aTQUIIeA 


T€ 


“Ur 09 
Aq “ut 6°Z Aq “Ul g°Z 
LS6T 


jeny wintuein 
peyoriue ATysIy ‘YWO 
QQ)“ 9T 
[BUuoT}BUIS}U] SOTWOLY 
[BUuOoT BUIS}UT SOTWIOLY 
[BuoT}VUISU] SOTWIOLY 
S9781g pou 
auWOo 


:seousTEJoY 


:aInpsd01g 
:yovoidde Zurjenjoy 
tUOT}IPUOD IOJOvOY 


sweiZ01d Zulpeolsy 


:jUBlOOD 
:8ATIp pod-[01]U0D 
suorTzIsod Surjanjey 
7003/(7) MIN 
‘ramod o1j1deds 
:dn-uing 
2SJUIWII[O JO "ON 


1821S JUOWIT| 
:1B0K dn-yIBIg 


:odAL 

:Buryey 

:10}e819dO 
:1a9UTZUq-jOOWIYOIY 
:19usISEg 

:ArjuNOD 
UOT BOT TUSp] 





(penuryuoD) €-IA e1qeL 








GENERAL RESEARCH AND DEVELOPMENT 


60 





oP ‘Th 
auTYyoRUI suo UT 
PoUTquIOD o1B UOT}ET[BISUT 3yNYo 
pue ZurZ1eyostp pue Burs.1eyo 
yey} Jdeoxe AsjeyxIeg se oules 


ejddei3 outyorw 
(9.068 = 1 ‘318d 
OST = d }UBIO0D *xew) Buyjer0edO 


Aep iad sjauueyo ¢ 10 Z peoley 
709 

jeonzea ‘doy 

[BOVI9A ‘GOL 


(a3810A8) U0} O1JOW/PMW 000E 
sjouuByo $1SZ 


([euueyo 
ted g) Buoy ‘ur ¥,g¢g Aq “erp ‘uy Ye 
T96T 


Jeny wnyuBin-[einj}eu 
{peje1epouw o1yde13 ‘patoos sey 
(2)41A OST ‘(Q) MIN TES 
Vqaowun 
‘OD Wed 19aM0g IBETONN 


“OD WURI[d JAMO”d Ivs|/oOnN 
wop3ury poyiun 
ljemperg 


OF ‘6E 


3x9} 90g 


ejdde13 suryouyp 
(O.Sh8 =. ‘S1sd 
SGZT = d juUel[OOD *xeu) Zuye13edO 


Surpyynys [erxe yy 
Aep red sjouuevyo ¢ 10 Z proley 
709 
jeow10a ‘doy 
[eo.10a ‘doy 
(eBev12av) U0}, OTT]OW/PMI 00SF 
(‘UTW) UO} OTTJOW/PMW 00SZ 
sjouuByd SLZE 


(jauueyo 
iad ¢1) Zuo] ‘ut pz Aq “Bp “Ur F 
T96T 


Jeny wintuein-einjzeu 
‘peyerspow oz1yde13 ‘palooo sey 
(8) get ‘(3)4IN SSS 
vaowun 
“PIT ‘0D uosduoyL uyor-1F Vy 


"PIT ‘0D uosdwoyy uyor-1aqVv 
wop3ury peu 
Aajexi0g 


3x9} 9eg 
eZ.1eyostp 

aynyo YIM Zurpeo] suryouyw 
(D.bSE = L ‘31sd 

00Z = d }UBIOOD *xBew) BuTer10dO 
jouuevyo 
aed yjuow sed sjuewele 

Z 0} T Y8nory}-[onj-Yysng 

709 

[equ0zTI0H 

[ejuoz{10y ‘pus suo 


Uo} OF.JOW/PMI 000E 
sjeuuByd 00ZT 


(jeuueyo red gz) 
Buoy ‘ut gt Aq ‘erp ‘uy YZ 
6S6T 


Jeny wntuevsn-|einjeu ‘poze 
-Japour o}1yde13 ‘pajooo sey 
(®)4W OF ‘Q)4W 002 
ewo}y souRl 
souBl TA Op MTOT1}0919,1 
enbrwojy 
ajZ10uq | & JelIBssTwWWOoD 
eouvlg jo o1jqndey 
€9/2D 


LE 9 €E 


3X9} 99g 
uljjoo pus aiddein 
Butje1edo JON 
poimber sy 

209 

[BoTVI0A ‘doy 


TeoVI0A ‘doy 


UO} OFIJOW/PMW 000E 


STOUUBYO 9E9T JO [BIOL 


(jeuuvyo sed 


9) Buoy ‘ur OF Aq ‘eIp 
“uy T9°E PUB ‘96°E ‘OTF 


9S6T 
Jeny wintuevan 


-[einjeu !peyer1epow 


ai1yde13 ‘payooo sey 
(2)4W 68 ‘Q)4W Z8T 
VvVavoin 
Vavoain 


vavun 
wop3ury peu 
8H 1epleo 


ssoousIajoy 


:aINpso01g 
syouoidde Zurjenjoy 


SUOT}IPUOD IOJOBOY 


:weiZ0i1d Zulpeolsay 
2UBIOOD 

2@ATIP POI-[0.1}U0D 
ruoT}Isod Burjenjoy 


:dn-uing 
:sJUSWII|A JO ‘ON 


19ZIS JUSWI] | 
11B0K dn-3181S 


:0dA] 

:Burjyey 

:10}8.19d0 
:1a9UulZuq-jOaYory 


:1aUusISOg 
:ArquNOD 
*UOTPBOTJIJUSp] 





(panuyuod) §=€-IA P1qeL 








REFUELING METHODS FOR SOLID FUEL REACTORS 





8h “LE 
*yuew 
-d]9 [any oy} 103 BurjddeaZ 
er0joq suTyoew Surjany 
-981 343 Aq poAOowsJ ST pue 
aqn} yoes UT 8109 ay} BAoqe 
S] BOIIIO JOTUT Oy ‘paeM 
-UMOP ST MOTJ JUBTOOD 9y} BOUTS 
*posanid oie 
Aay} d19yM ‘partys [BoTZoTOIgG 
do} 94} 03 dn 9100 ay} WOU 
Bulpus}x9 saqn} 961 SOpIA 
-O1d pay [ASS9A-10,08OL JUL 
*10jOBveL 
ay} eAoge Bunesrsedo suryouw 
peziinssoid payunowi-[rei B jo 
asn Aq pojanjed st 10j0¥eI ey L 


(QJ@TUT) O.GOT = 1 ‘uye 
09 =d WWe]00D ‘xew) Zues0dQ 
é 
709 


yeona98a ‘doy 


é 
sjouueYyo 96T 

(jeuuevyo 
Jad 1) Suoj ‘ur OgT Aq *eIp 2 
é 

[el1a}BVW 911}.19} 

IO [enj wiNntueINn-[einjeu ‘peze 
-depow Ja}em AABsy ‘patood ser 
(9)MW OST ‘(Q)4W S6Z 


BIYEAO|SOYIEZO 
YOD-y9ez9 


1X9} 90g 
euryoew Butje13d0-w0jj0g 


(32141) T0006 = Z ‘B1sd ost 
= qd WeBlood *xeuwl) Butjer9sdo 
Suryjynyus snjd Aep 10d 
sjusw9|e 0Z *xoidde projey 
209 
[BoTVI0A ‘doy, 
[BONI9A ‘WIO}JOg 


U0} OTAJeW/PMP 00GP 
sjouueyo ggze 

(jeuuevys ted QT) Buoy] 
“ul pz Aq “BIp ‘ut YE *xoidd 
Z96T 


Jeny wNTueINn-|einjeu ‘poze 
-iapow 3}1yde13 ‘pajoos sey 
(®)“W OST ‘()4IW SZs 
aass 


“PIT “OD O14}091q [Br9Uey 
(puv{}oos) WopZuTy pazrun 
uojsJOyUNH 





bb ‘Eb 


*SUOT} BIS [19M 

-peig pue Asjeyi10g 

jo Jauuew 9y} 

ul pesn oie oulyoRw 

oB1eyosip/es.1eyo 

e pues suryoew 
uotjeiredaid-ajoy y 
ejddei3 suryoryp 

(D.SLE = L 

‘Z1sd Sgt = qd jue 
-[009 *xew) Zuner3ado 


poimbel sy 
709 
[BoN4198A ‘doy 
jeory190A ‘doy 
(cutw) 
U0} O1IJOW/PMW O00E 
s]euueyo 00cP 
(jauuvyo sad g) Zuo] 
‘ur gg Aq ‘ep ‘ul Ge’E 
Z96T 
jenj wntuesin 
-[eanjeu ‘peye1epow 
ai1ydei3 ‘pajooo sey 
(®)MW 0S2 ‘() “IW 996 
vaoun 
MOIPOOM IO[ABL 
‘XOOIIM 7 YOooqeg 
‘oraqoa1g ystsuq 
wop2ury pezun 
quiog Aa]4uTH 


‘SaOUussAJoOYU 


:ainpss01g 
:yovoidde Burjenjey 


SUOTIIPUOD IOJIVOY 


:wesZo0id Zuipeoley 
3jUBIOOD 

:3ALIP POI~[01jUOD 
tuoryrsod Butjonjay 


:dn-uing 
:SJUBWI2]9 JO ‘ON 


(@ZIS JUsWI9|F 
:1v0A4 dn-1181¢9 


3d AL 
Burney 
199uTZUq- V9} Y 


:1ouS1seg 
:ArjuN0g 
SUOTPBOTJTWUSP] 





(penuMuod) g§-IA e1qeL 











62 GENERAL RESEARCH AND DEVELOPMENT 


through the empty fuel-element channel. For 
these reasons on-power refueling has not been 
attempted in water-moderated reactors. The 
usual procedure is to shut down the reactor and 
remove the entire pressure-vessel head. Need- 
less to say, it is undesirable to make frequent 
reloadings of this type, and these reactors usu- 
ally are reloaded in relatively large batches, 
ranging in size from one-third of the full core 
to the full core. 

Once the shutdown has been made, the handling 
and transport of fuel elements can be made 
relatively easy by utilizing water as the shielding 
and cooling material. The usual procedure is to 
flood a pool above the reactor and to manipulate 
fuel elements manually or with small cranes, 
sometimes with special jigs and fixtures to pro- 
vide guidance. Natural circulation of the water is 
adequate for cooling, and usually the elements 
are transported from the reactor vessel to a 
cooling pool through a water-filled canal or are 
dropped to the pool through a water-filled chute. 


Gas-cooled Reactors 


Refueling under power has become standard 
for the large graphite- moderated gas-cooled re- 
actors currently being designed and built, al- 
though this feature is not included in any oper- 
ating gas-cooled reactor.*® These reactors are 
particularly adaptable to on-power refueling be- 
cause of their relatively low specific power, the 
relatively wide spacing of fuel elements in dis- 
crete channels, and the small reactivity worth of 
individual fuel elements. In the vertical British 
reactors the usual system has been to grapple 
for individual fuel elements by means of a cable- 
suspended grapple which enters through suitable 
ports in the top of the reactor vessel. Obviously 
this system is capable of providing great flexi- 
bility in the reloading and reshuffling program, 
although a large amount of fuel handling is neces- 
sary if axial reshuffling is done. The Hunterston 
design varies from this practice in employing a 
bottom refueling machine. The horizontal French 
reactors employ a push-through system with dis- 
charge of the pushed-out spent elements through 
a chute to the cooling pool. 


Fast Reactors 


The sodium-cooled fast-neutron reactors are 
characterized by very high specific power, which 
causes severe problems of cooling the spent fuel. 
The compact core structure and relatively small 


fuel assemblies demand relatively high precision 
in the fuel-handling machinery. The general 
scheme that has been adopted in both EBR-II and 
the Enrico Fermi reactor is one in which a re- 
motely operated refueling machine, operating 
submerged in the sodium coolant, extracts spent 
fuel elements and transfers them to a cooling 
rack (also submerged in the sodium coolant) 
where the elements cool by natural convection 
for two weeks or more before they are finaily 
removed from the sodium bath. Even after this 
cooling period, cooling must be provided in the 
transfer coffin. 


Bayonet Type Pressure-tube Reactors 


The Russian water-cooled graphite-moder- 
ated reactors, APS-I*° and the superheating re- 
actor in the Ural District,®* employ bayonet type 
pressure-tube fuel assemblies which have cool- 
ant connections only at the top end. These as- 
semblies can be removed simply by lifting with 
a crane or other handling device that can be 
controlled, from outside the shielded reactor 
room. In this type of handling, the entire room 
above the top shield face of the reactor becomes 
virtually a hot cell, andtransfer of fuel elements 
can be accomplished with relative ease. It is to 
be noted that this system is not inherently limited 
to the bayonet type pressure-tube configuration 
but could in principle be used for any reactor in 
which the fuel elements are full core length and 
in which access to the fuel elements through the 
top shield can be provided. 


Other Reactors 


Various fuel-handling schemes are used in 
other reactor types. The D,O-cooled and 
-moderated reactor represents a case of par- 
ticular interest. On the one hand, its fuel- 
handling problems are intensified by the neces- 
sity for preventing any substantial loss of D,O 
during the fuel-changing operation; on the other 
hand, the apparently good prospect for operation 
with natural uranium emphasizes the advantages 
to be gained from a favorable refueling program, 
in which fuel manipulation is required often 
enough to demand refueling during power opera- 
tion. For these reasons rather elaborate fuel- 
changing machinery is designed for the Canadian 
NPD-2 reactor and appears to be justified. 

Although the reactors listed in Table VI-3 
employ a rather wide range of refueling systems, 
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some of which are relatively complex, itis worth 
recognizing that none of the more sophisticated 
systems have yet been put into operation, and 
only future experience will show whether practi- 
cal difficulties may be encountered. Indeed, even 
in the rather straightforward systems used in the 
water-moderated reactors, experience is needed 
to show how time-consuming the operations are 
and what problems may arise in resealing the 
pressure-vessel head or fuel-removal ports 
after a refueling operation has been completed. 


Current Designs 


In the following sections more detailed de- 
scriptions are given of the fuel-handling systems 
and procedures for some of the reactors listed 
in Table VI-3. 


NRU 


Each fuel-rod assembly, when in place in the 
reactor, forms a coolant tube between a pair of 
header blocks. The rod assembly is extended 
beyond the header block, through a larger tube 
in the upper shield of the reactor, and incor- 
porates the vessel seal plugfor this tube. Within 
the larger tube (in the shield) is a guide sleeve 
that surrounds the rod assembly. The sleeve is 
lowered, during a refueling operation, until its 
lower end engages the lower header block. A tall 
vertical shielded flask, loaded with a new fuel 
assembly, is positioned on the loading floor above 
the reactor, and above the tube to be refueled, 
and is sealed to it. The flask is then filled with 
clean D,O, and the fuel-tube seal plug is un- 
locked. As the seal plug is drawn up into the 
flask, bringing with it the entire fuel assembly, 
the lowered guide sleeve maintains the continuity 
of the coolant flow from the inlet opening in the 
lower header block up through the fuel. The spent 
assembly is stored in the flask as the new as- 
sembly is lowered in to replace it. After the 
new assembly is locked in place in the reactor, 
the guide sleeve is raised again into the shield. 
A slide valve is closed across the mouth of the 
flask trapping in the D.O, which is then circu- 
lated to cool the spent fuel assembly during 
transportation to a discharge pool. The D,O is 
reclaimed from the flask just prior to discharge 
of the assembly. 

The refueling flask is a large vertical machine 
(approximately 40 ft high) and is carried on its 
own rolling bridge and traverse carriage. A 


second machine, equal in size, is also present 
to insert and remove samples in the irradiation 
annulus channels surrounding the active core. 


NPD-2 


Two identical remotely operated machines, 
each being D,O pressurized and providing a 
rotating fuel turret, are used in concert. The 
pressure tubes have axial seal plugs that may 
be removed and replaced under pressure by the 
machines. One machine inserts a short fuel 
bundle at one end of a tube, thereby pushing a 
bundle from the other end into the second ma- 
chine. Each machine has a five-bundle capacity. 

Refueling machines operate inside the biologi- 
cal shield but are raised intoa shielded area for 
maintenance and loading of new fuel. Spent fuel 
is discharged into a chute leading to a storage 
pool after the D,O has been reclaimed from the 
machine. 


EBR-II 


The reactor tank is submerged in the primary- 
coolant sodium, which in turn is contained ina 
larger shielded primary-coolant tank. The up- 
per shield contains two eccentric rotating plugs, 
the smaller of which is penetrated by a mecha- 
nism for lifting the cover of the reactor vessel, 
by a vertical fuel-element lifting tool (referred 
to as the gripper mechanism) and by a second 
vertical tool for molding down adjacent subas- 
semblies when any one subassembly is lifted by 
the gripper mechanism. These two tools also 
penetrate the reactor-vessel cover. 

For fuel removal, the reactor is shut down, 
control-rod drives are disengaged, and the ves- 
sel cover is raised 9 ft 8 in. above its normal 
position. The rotating plugs (and the reactor- 
vessel cover) are rotated to indexed positions 
to bring the hold-down and gripper mechanisms 
over the fuel element to be removed. The ele- 
ment is gripped by the gripper mechanism and 
raised until its bottom end clears the top of the 
reactor vessel. The rotating plugs are then ro- 
tated to a preset position at which a transfer 
arm, which rotates about a vertical shaft, can 
accept the element from the gripper mechanism, 
and by rotating on its shaft, transfer the element 
to the storage rack. The storage rack is of the 
Lazy Susan type, which can be rotated to bring 
the element under a coffin grapple for removal 
from the sodium tank after a cooling period of 
15 days. 
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For addition of new fuel, the procedure is es- 
sentially the same as for fuel-element removal, 
but in reverse order. 


Enrico Fermi 


A vertically mounted handling mechanism is 
permanently positioned in the reactor vessel and 
is carried in an eccentric rotating plug in the 
vessel head. This mechanism carries a rotat- 
able offset-arm grappling head. Under reactor 
shutdown condition, with the sodium level low- 
ered slightly, the offset grappler can be swung 
into position above any core or blanket subas- 
sembly by combined rotation of the plug and off- 
set arm. The grappler head is then dipped into 
the sodium to grasp a subassembly and transfer 
it to a rotating basket, which is also permanently 
positioned within the reactor-vessel side exten- 
sion and immersed in sodiumatalltimes. After 
two weeks’ decay in the rotor, the subassembly 
is lifted (in a finned tube) through a vertical 
standpipe into the argon atmosphere of a shielded 
cask car, in which forced circulation of argon 
over the finned tube provides heat transfer to 
limit the temperature of the fuel to1200°F. New 
fuel is introduced by a reverse route using the 
same eguipment. Control-rod drives are dis- 
connected and swung aside during refueling 
operations. 


Calder Hall 


A stub tube in the reactor-vessel head is cen- 
tered over each group of 16 channels and nor- 
mally serves as a control-rod entry. After the 
control-rod drive is removed, an offset chute is 
passed through the stub and aligned in the free 
space above the core with any one of the 16 
channels. A shielded discharge machine, holding 
24 elements, and having a cable-suspended grap- 
ple, is used to remove fuel. Fuelis lowered into 
a coffin for transfer to the processing station. 
A charging machine then installs new fuel. 


G2 or G3 


The reactor fuel tubes in the graphite matrix 
are extended, by use of metal tubes, through the 
end wali of the concrete pressure vessel where 
they are individually plugged. One of two long 
(50 by 75 ft) shielded refueling machines (lock 
chambers) carried on a speciai gantry type 
crane is clamped firmly to one of the tube ex- 
tension nozzles and then purged of air and filled 
to reactor pressure with CO,. By means of a 


grappling device in the machine, the seal plugis 
unlocked and drawn back into the machine, pulling 
with it a 26-ft-long shielding plug. A magazine 
in the machine, holding 32 new fuel cartridges, 
is then rotated to a position between the with- 
drawn shield plug and the reactor tube end. By 
reversing the grappler direction to return the 
shield plug to the tube, one of the cartridges is 
thereby pushed out of its magazine position into 
the fuel tube ahead of the shield plug. This op- 
eration may be repeated to push additional new 
cartridges into the tube. When the proper num- 
ber of cartridges have been so inserted, the 
shield and seal plug are pushed in and locked to 
complete the installation. Spent fuel, at the un- 
loading end of the fuel column, is pushed out into 
a system of inclined tubes (by the insertion of 
new fuel at the loading end). The inclined tubes, 
which use the force of gravity to move the car- 
tridges out of the reactor, are branched into 
three main downcoming trunks which lead the 
cartridges (still under CO, pressure) out of the 
bottom of the main pressure vessel into a pres- 
surized transfer tank. When four cartridges 
have entered the tank, a lock valve is closed 
and the pressure is reduced to ambient. Now, 
by use of remote control froma heavily shielded 
voom, the four cartridges are placed in asingle 
aluminum can, which then passes through a 
series of automatic machines to be welded 
closed. Dry cooling air is circulated in each 
can until the final weld is made. The timing of 
the process is adjusted to allow at least 1 hr of 
air cooling before sealing. The canis then moved 
into a water pool for final cooling (three to four 
months). 


Inlet CO, is piped into two inlet manifolds that 
supply coolant to the fuel tubes. These manifolds 
also house the inclined fuel-unloading-chute 
system. Therefore the gas direction opposes the 
fuel flow and holds the fuel in the tube until it is 
forcibly ejected into the chute system. Mainte- 
nance of the chute system cannot be undertaken 
without penetrating the pressure vessel. Align- 
ment of the graphite channels with the entrance 
tubes in the concrete vessel is also difficult. 
Canning of the fuel cartridges is required to 
prevent a reaction between the hot magnesium 
fuel jackets and the cool water. 


Berkeley 


The pressure-vessel top head is penetrated by 
54 4-in.-diameter vertical standpipes, on a 32- 
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in.-square lattice, each centered over a group of 
64 channels. Each standpipe passes through the 
biological shield to the refueling floor level and 
is equipped with a gas valve. Three large ma- 
chines (a chute installation machine and two 
shielded charge/discharge machines, each hav- 
ing a 13-position magazine) are carriedon rails 
on the refueling floor. All three machines are 
gas pressurized. The chute machine inserts an 
articulated chute down the standpipe to bridge 
the gap between the channel to be loadedand the 
standpipe. The chute, which is a replica of the 
fuel channel in cross section, can be indexed to 
engage any one of the 64 fuel channels. Once the 
chute is in position, the chute machine is re- 
placed by a fueling machine, which consists ofa 
rotary magazine having a capacity of one channel 
load of fuel elements, a winch, and a mechani- 
cally operated grapple on two steel cables. The 
machine is contained ina shielded pressure ves- 
sel to withstand reactor coolant pressure. Fuel 
elements are removed one atatime by the grap- 
ple and are stored in the magazine. When all 
elements from one channel are removed, the 
machine is replaced by the second, similar, 
loading machine which inserts fresh elements in 
the channel by means of its grapple. 


Each fuel element has two longitudinal graphite 
support struts extending from its diameter and 
acting as keys which slide into keyways in the 
graphite matrix. They serve to space the ele- 
ments and prevent bowing of the fuel due to the 
supported weight. Therefore the chute system 
must provide passage for, and alignment of, the 
keys. 

An adjustable “gag” orifice is placed at the 
bottom of each gas channel to match the coolant 
flow to the power production. 


Hunterston 


A large CO,-pressurized charge/discharge 
machine is used for refueling. This machine has, 
within its heavily shielded volume, a magazine 
that can handle all the fuel from nine channels. 
It operates up into the vertical reactor channels 
from a gallery beneath the reactor. The ma- 
chine is carried on rails on a turntable beneath 
the reactor face but may be rolled off the turn- 
table on a straight section of track to be brought 
under a fresh-fuel loading room, for charging, 
or a fuel separation room, for discharging. In 
all cases the machine receives or unloads fuel 
vertically through its upper end. It is pres- 


surized during cperation and is sealed to a stand- 
pipe at the bottom face of the reactor by means 
of a flexible bellows connector at the time of 
refueling. There are 20 compartments in the 
machine magazine, each of which holds five fuel 
elements (one-half channel loading). It can 
therefore reload up to nine full channels and 
perform as many additional shuffling operations 
as are required without returning to the fuel 
pickup station. 

Shuffling in this instance is defined as re- 
moving all 10 fuel elements from a channel and 
then reinstalling them in such a manner thatthe 
five topmost elements before shuffle become the 
five bottommost after shuffle. This results in a 
movement of the two end elements to the middle 
and the middle to the end. 

One hundred and one standpipes are welded 
into the bottom of the pressure vessel. Each is 
centered under a group of 36 fuel channels. The 
refueling machine provides a charging chute 
which is inserted through a standpipe and then 
offset to align itself (by remote indexing) with 
one of the 36 fuel channels. Gas is diverted 
through the machine and up through the chute to 
cool the elements in their passage, and gas is 
circulated in the machine for cooling during 
transport. 

All the standpipe ends are terminated in a 
concrete shield at the loading face and are pro- 
vided with individual seal plugs. These plugs are 
removed and replaced by the machine. Spent fuel 
elements are received from the machine (in 
groups of five) in the Fuel Separating Room. 
There they have the graphite outer sleeves re- 
moved (for later reuse) andare then transferred 
to the cooling pond. All equipment used in this 
room is automatic. 
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Beryllium 


Beryllium is an element of relatively high mod- 
erating power and quite low neutron absorption 
cross section. It is therefore quite attractive 
as a moderator material from the technical 
point of view, but its application as a moderator 
has been confined to that of reflectors for test 
reactors because of its high cost. 

More recently there has been astrong revival 
of interest in beryllium for reactors because it 
appears to be, by a considerable margin, the 
most promising low-cross-section metal for 
high-temperature fuel jackets in gas-cooled 
reactors. In such an application the quantity of 
material used per unit of energy generation 
would be small, and the high cost of the ma- 
terial would be relatively less important. 

Beryllium-jacketed uranium oxide fuel ele- 
ments in a gas-cooled D,O-moderated reactor 
promise to yield high-temperature operation 
with uranium of natural enrichment. (See the 
discussion of the gas-cooled D,O reactor in the 
first section of this Review, which employed 
magnesium alloy jackets and was limited to 
rather low temperature.) When beryllium jack- 
ets are used with oxide fuel in graphite-mod- 
erated reactors, the fuel enrichment required 
is slightly above that of natural uranium, but 
natural-uranium feed is feasible, with long fuel 
life, if plutonium is recycled. 

The characteristics of beryllium have been 
covered indetail in The Metal Beryllium, abook 
sponsored by the U. S. Atomic Energy Com- 
mission and published by the American Society 
for Metals,' and have also been discussed in a 
paper by Beaver.” Table VII-1 lists the general 
physical and nuclear properties of beryllium and 
beryllium oxide. 


Thermal Conductivity 


The thermal conductivity of beryllium de- 
creases with temperature and is also a function 
of the fabrication method. Table VII-2 shows 
the comparison of thermal conductivity as a 
function of material and temperature. 


Table VII-1 GENERAL PROPERTIES OF BERYLLIUM 
(Be) AND BERYLLIUM OXIDE (BeO) 








Be BeO 
Density, g/cm? 1.85 2.8 
Melting point, °F 2341 > 4650 
Coefficient of thermal 9.0 5.3 
expansion (a), (70—1000°F) (77—1112°F) 
in. /(in.)(°F) x 108 
Thermal conductivity 61 (800°F) 18 (800°F) 


(k), Btu/(hr) (ft)(°F) 


Specific heat (Cp), 0.635 (981°F) 0.420 (752°F) 


Btu/(lb)(°F) 

Atomic weight 9.01 25.0 

N, atoms or 1.2 x 107 6.7 x 10” 
molecules /cm? 

ds (epithermal), barns 6.0 9.8 

Oq (thermal), barns 0.009 0.0092 

Zs (epithermal), em! 0.74 0.66 

Dq (thermal), em! 0.0011 0.00062 





Table VII-2 THERMAL CONDUCTIVITY OF BERYLLIUM' 





k, Btu/(hr)(ft)(°F) 





Be At 400°F At 1000°F 
Sintered powder 89 
Vacuum cast, extruded 77 60 
73 56 


Flake, extruded 





Beryllium oxide (BeO) retains high conduc- 
tivity at low temperature (approximately the 
same as beryllium), but the thermal conduc- 
tivity (corrected to zero porosity) drops rapidly 
to ~31 Btu/(hr)(ft)(°F) at 1000°F and ~10 Btu/ 
(hr)(ft)(° F) at 2000°F. 

The high thermal conductivity of beryllium 
metal makes the use of finned type cans for 
fuel elements feasible and attractive for good 
heat transfer. 


Thermal Expansion 


This property is also variable, depending on 
the direction of working. Detailed data on the 
effects can be found on page 308 of reference 1. 


Ductility 


Beryllium is not considered to be a ductile 
material. The lack of ductility is a serious 
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problem during fabrication. Ductility data may 
easily be misinterpreted since tensile elonga- 
tions up to 50 per cent have been reported. This 
ductility was only in one direction, and the 
material was probably completely brittle along 
the other two axes. Typical strengths and 
ductilities for various types of beryllium are 
shown in Table VII-3. 


Table VII-3 STRENGTH AND DUCTILITY OF 
BERYLLIUM PREPARED BY VARIOUS METHODS! 





Yield Ultimate Elon- 
strength, strength, gation, 





Type psi psi % Remarks 

Cast and 17,000— 36,000— 1.5-—4.0 Extrusion 
extruded 23,000 55,000 direction 

Extruded 20,000— 59,000— 4.0-—7.0 Extrusion 
flake 30,000 78,000 direction 
Hot extruded 39,500 81,000 15.8 Extruded at 

powder 1920°F 

Cast extruded, 39,900 1.82 Extrusion 
annealed direction 
25,500 0.18 Transverse 
to extru- 

sion di- 

rection 





Both the room-temperature strength and duc- 
tility are dependent on the type of raw metal, 
the compacting or casting techniques, and the 
amount and type of working. For an extruded 
tube the best properties would be in the axial 
direction where they are least needed. How- 
ever, room-temperature ductility may not be 
the important characteristic in ahigh-tempera- 
ture application. At 600°C, elongations of 15 
per cent have been measured for material that 
showed only 1 per cent at room temperature. 
The transition temperature from brittle to duc- 
tile behavior is in the range 200 to 300°C. 


Production and Fabrication of Beryllium? 


Studies of various fabricating techniques and 
alloying materials are rapidly expanding the 
technology of beryllium,‘~'® but very limited 
experience has been gained to date by American 
companies in the extrusion of reactor-grade 
beryllium in small tubes with or without fins. 
The British are expecting to use beryllium- 
clad fuel elements in their advanced gas-cooled 
reactor. 

Recent data on specific developments in the 
production and fabrication of beryllium are 
summarized below. 


1. The conventional method for producing 
beryllium metal is now the reduction of the 
fluoride by magnesium, a method which has 
outmoded fused salt electrolysis. However, ref- 
erence 14 describes a method of continuously 
electrolyzing fused NaCl-BeCl, inmercury. The 
amalgam may then be hot pressed directly. 
Costs are not discussed, but this method may 
be cheaper and may produce a slightly better 
product. 

2. The problem of producing high-purity be- 
ryllium has been attacked in the USSR by an 
improved distillation technique.'® It is reported 
that for metals having similar vapor pressures, 
such as manganese and beryllium, condensa- 
tion must take place on a heated surface to 
provide separation. By keeping the condensing 
surface at 1150°C, the Russian workers have 
successfully reduced the manganese content of 
beryllium by an order of magnitude. Other 
impurities are also effectively removed. How- 
ever, the method appears to be rather slow and 
probably is expensive. No direct data aregiven 
on the effect of high purity on the physical 
properties, and therefore it is not possible to 
decide whether this method is economically 
justified. Such physical-property data on high- 
purity beryllium would be desirable since it 
would answer theoretical questions concerning 
the effects of purity on ductility. 

3. Laboratory techniques were developed at 
Harwell for sealing end closures in beryllium 
fuel-element jackets.‘® One method consists 
of packing a uranium rod in beryllium powder 
inside a steel can and hot forging the assembly. 
Difficulty was experienced with nonuniformity 
in cladding thickness. Another method is a 
coextrusion technique which is also claimed to 
be satisfactory. 

Fusion-welding techniques were avoided in 
selecting a sealing method because of the 
stresses imparted to the weld. It was claimed 
that “it is unlikely that those types of beryllium 
that possess high ductility in one or two direc- 
tions and negligible ductility in the remaining 
direction(s) will exhibit reasonable ductility 
under multidirectional stresses.’’ 

4. Harwell also reported'’ that beryllium 
powder poured loosely into a container will 
sinter to sound, high-density bodies of better 
quality than those made by conventional press- 
ing and sintering or hot pressing. High-density 
sintering of uncompacted powders is com- 
pletely contrary to conventional powder-metal- 
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lurgy practice. As sintered, their material 
possesses triaxial ductility. This ductility be- 
comes monodirectional or bidirectional if the 
material is rolled or cross rolled. The ma- 
terial is claimed by the authors to be the only 
form of beryllium that can be fusion welded. 
Fuel elements have been produced by pouring 
beryllium powder around the fuel core and then 
sintering. 


5. In the United States, lengths of beryllium 
tubing having wall thicknesses of 0.060 to 
0.100 in., an outside diameter of 4 in., anda 
length of 5 ft, as well as tubing 0.12 to 0.25 in. 
thick, 4 in. OD, and 6 to 8 ft long, have been 
extruded in experimental lots.’ 


o. Very little success has been achieved by 
ordinary fusion welding ofberyllium. Oxidation 
has been difficult to prevent, fluxes sink through 
the molten metal, and the welds invariably 
crack. Some success has been obtained by 
brazing with an aluminum eutectic alloy or 
silver solder. The British have used pressure 
welding—recrystallization bonding under tem- 
perature and pressure for fuel-element sealing. 
A new technique, electron beam welding, ® shows 
promise for fusion welding of beryllium and 
other refractory metals. 


High-temperature Strength 


Data on the high-temperature strength of 
beryllium show inconsistencies due to history 
of the material and the type of material used. 
Typical data’ on QMV beryllium (QMV desig- 
nates Brush Beryllium Company powder ob- 
tained from magnesium-reduced pebble) show 
an ultimate strength at 200°F of ~42,000 psi, 
decreasing to 5000 psi at 1400°F. Preliminary 
tests of alloying iron with QMV beryllium have 
resulted in increasing the tensile strength of 
the material to 50,000 psi at 600°C and 15,000 
psi at 800°C." 


Corrosion Resistance 


Corrosion data on beryllium in water have 
been reported as being very erratic because of 
the unavailability of metal of consistently good 
and sound quality. With an adequate supply of 
uniform material available, it is expected that 
better and more consistent data can be obtained 
to determine the reasons for, and a solution to, 
the poor corrosion behavior tendency shown by 
beryllium in water as low as 270°C. 


Investigations of the compatibility of beryl- 
lium with various gases have indicated the fol- 
lowing: 

1. Air. No severe corrosion occurs in air at 
temperatures less than 600°C, and corrosion is 
fairly slow at temperatures below 800°C.'® 

2. Oxygen.'® The reaction of sintered beryl- 
lium with oxygen is reported to be slow between 
350 and 950°C. A modified form of the para- 
bolic rate law was found to fit experimental 
data. Below 600°C the corrosion is very small. 
Between 825 and 850°C the rate of attack by 
oxygen doubles. 


3. Nitrogen.’® The reaction of sintered be- 


ryllium was investigated in the temperature 
range from 650 to 925°C. Little corrosion 
was found at less than 650°C, but larger reac- 
tions occurred above 700°C. 

4, Hydrogen." Very little corrosion was ob- 
tained with beryllium in hydrogen between 300 
and 780°C at a pressure of 2.3 cm Hg. 

5. Carbon dioxide. Munro and Williams”’ in- 
vestigated the corrosion of beryllium in dry and 
wet CO, at atmospheric pressure for the tem- 
perature range 500 to 700°C. The results of 
this investigation indicate: corrosion rate is 
negligible up to 500°C in both dry and wet gas; 
in this range the weight gain follows the para- 
bolic law w* = kt, where kdry gas ~5 x 10~*6 g?/ 
(cm*)(sec) and Rwet gas ~7 x 10° g’/(cm‘)(sec); 
at 600°C a product film is formed which is 
protective in the dry gas only; at greater than 
650°C the film is no longer protective even to 
dry CO, gas. 

In dry CO, at 650°C, specimens gained 0.48 
mg/cm? in 1050 hr, but in wet CO, (gas bubbled 
through water) the rate was 2.5 mg/cm? in 
495 hr. When the temperature was reduced to 
600°C, the rates were 0.09 mg/cm’ in 2150 hr 
for the dry gas and 0.15 mg/cm? in 577 hr in 
wet gas. The authors indicate that the follow- 
ing reactions occur: 


4Be + CO, = 2BeO + Be,C 
Be + H,O = BeO + H, 
Be,C + 2H,O = 2BeO + CH, 
From the above data, corrosion will limit 
operation of beryllium fuel elements to 600°C, 


or slightly above, in dry CO,. To increase 
operating temperatures by any great amount, 
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either an improved beryllium alloy or a resist- 
ant coating will have to be developed. 

Studies by the United Kingdom on the com- 
patibility of beryllium with metallic uranium 
have shown that good performance is expected 
up to 600°C.*! It was postulated that the good 
performance was due to the formation of a 
beryllia diffusion barrier. Should this diffusion 
barrier break down, a rapid formation of UBe,; 
would be expected to occur. This would indi- 
cate that some question may exist on the com- 
patibility of metallic uranium with beryllium. 

Satisfactory compatibility of UQ, with be- 
ryllium has been reported by the Canadians for 
operating temperatures up to 600°C.” 


Radiation Damage 


Beryllium is subject to nuclear reactions that 
produce gas atoms by transmutation within the 
metal lattice. These gas atoms may then cause 
blisters to be formed in the metal under cer- 
tain conditions. Most of the gas formed is 
helium whose effect will probably be tempera- 
ture dependent in that at higher temperatures 
the helium will tend to diffuse out of the metal, 
perhaps as rapidly as it is formed, whereas 
metal irradiated cold and then heated would be 
expected to have a greater tendency to blister. 

There are at least five nuclear reactions that 
will produce gas in beryllium, the first two 
being the most important: 


1. Be*(n,a)He® 
He® — Li® (0.83-sec half life) 
Li®(n,,@)H® (the cross section of Li® is 
945 barns) 
2a — 2He! 


2. Be*(n,2n) Be® 
Be® has a half life of 107" sec 
Be’ — 2He! 


3. Be*(y,n)Be® 
Be® — 2He! 


4. Be’ — (y,p) — Li® 
Li’ — Be® — 2He! 


5. Be*(y,na)He4 


The Canadian workers have reported” the 
following on the formation of gas in beryllium:* 
“The primary reaction in the (n,2n) and (n,a) 


*In this report ‘‘fast flux’’ covers neutrons having 
energies above 1.0 Mev. 


chain requires neutron threshold energies of 
2.70 and 0.71 Mev, respectively. Sufficient 
nuclear data are available to permit an esti- 
mate of the quantity of gas which will be pro- 
duced for any given irradiation: details of the 
calculation are presented... The quantity of gas 
formed may be as much as 2 cm’ per cubic 
centimeter of metal for an integrated fast flux 
irradiation of 10°! nvt. No experimental infor- 
mation on the amount of gas produced during 
irradiation has been published, but beryllium 
used as a sheathing material can be expected 
to receive irradiations equivalent to the above 
figure. When uranium is irradiated, it hasbeen 
found that quantities of fission-product gases 
as high as 2 cm’ per cubic centimeter of metal 
have a serious deleterious effect on the me- 
chanical properties of the metal,” if the ir- 
radiation has been carried out at temperatures 
of 600°C or higher. Although beryllium is con- 
siderably stronger than uranium at these tem- 
peratures, it is not possible to make a definite 
prediction of the effect that this quantity of gas 
would have.on the properties of beryllium.’’ 

Irradiation data from reference 22 show that 
approximately 23 cm® of gas per cubic centi- 
meter of beryllium is formed by neutron reac- 
tions for an integrated fast flux at 10°? nvt. 
Analysis of the gas showed it to be mainly He’. 
This same reference concludes that neutron- 
induced gases will not be a serious deterrent 
to the use of beryllium in reactor applications 
at temperatures up to 600°C. 


Health Hazards 


A problem associated with the manufacture 
of beryllium is its toxic effect on humans.!**’”4 
This has been covered in reference 25 in detail. 
The U. S. Atomic Energy Commission, because 
of the toxicity of beryllium, has recommended 
that the following criteria be used inits fabrica- 
tion. 


1. The in-plant atmospheric concentration of 
beryllium should not exceed 2 ug/m? as an 
average concentration throughout an 8-hr day. 

2. Even though the daily average might be 
within the limits of Recommendation No. 1, no 
personnel should be exposed to a concentration 
greater than 25,g/m* for any period of time, 
however short. 

3. In the neighborhood of a plant handling 
beryllium compounds, the average monthly con- 
centration should not exceed 0.01 g/m’. 
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Ventilaticn, filtration, and exhaust systems in 
combination with constant monitoring will there- 
fore be required tohandleberyllium. Beryllium 
metal is the least dangerous form, but Be,C, if 
produced in corrosion experiments, is ex- 
tremely hazardous. 


Costs 


The current price of beryllium powder or 
bead is approximately $70 to $100 per pound. 
The price of fabricated material will, of course, 
be considerably higher than the cost of powder 
or bead. 


Radiation Damage 
of Boron—Stainless Steel 


Reference 26 contains data on the behavior 
of boron-—stainless steel alloys under irradia- 
tion. Such information is necessary in order 
to evaluate boron- stainless steel as a control- 
rod material when used in a radiation field. 
Tensile specimens containing 1 per cent boron, 
enriched to 93 per cent B’®, in 18-8 stainless 
steel were irradiated to 15 and 25 per cent B!” 
burn-up in the MTR and 40 to 90 per cent B® 
burn-up in the ETR. The compositions of the 
materials are given in Table VII-4. 


Table VII-4 CHEMICAL COMPOSITION AND TOTAL 
MACROSCOPIC CROSS SECTION OF 18-8 
STAINLESS STEEL 








Boron free With 1% boron* 
Macroscopic Macroscopic 
cross cross 
Ele- section, Ele- section, 
ment % em! ment % cm”! 
Cc 0.09 0.000001147 Cc 0.09 0.000001147 
Cr 17.62 0.0470 Cr 17.62 0.0470 
Ni 8.85 0.033183 Ni 8.85 0.033183 
Mn 0.85 0.0097697 Mn 0.85 0.0097697 
P 0.030 0.000008803 P 0.030 0.000008803 
Ss 0.020 0.000014621 S 0.020 0.000014621 
Si 0.64 0.00014169 Si 0.64 0.00014169 
Fe 71.90 0.15581 Fe 70.90 0.1536454 
B 1.00 17.91f 
Total 0.246 Total 18.15 











* Enriched 93 per cent in Bp. 
{ Calculated by the authors of reference 26. The other 
numbers are from Superior Steel Corporation’s Bulletin 57. 


The specimens were machined from material 
in the cold-rolled condition with the long axis 


of the specimen parallel to the final rolling 
direction. The approximate dimensions of the 
specimen were 0.050 in. thick, 0.250 in. wide, 
and 6.0 in. long. After irradiation the speci- 
mens were tested at room temperature in a 
tensile tester. The specimens were also sub- 
jected to metallographic examination. Figure 
9 is a summary of the effect of burn-up on 
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Figure 9— Radiation damageto boron-—stainless steel 
alloy (1 per cent boron).2 o, ultimate strength. x, 
yield strength. A, elongation.e , Rockwell C hardness. 


ultimate strength, yield strength, elongation, 
and Rockwell C hardness. The conclusions are 
quoted as follows: 

1. When irradiated to an integrated dosage of 
2.6 x 107 neutrons /em?, large changes occur in 
total elongation, yield strength, and ultimate tensile 
strength. 

2. Further increase in dosage increases brittle- 
ness at a reduced rate with a lesser increase {from 
Fig. 9 it is apparent that the ultimate strength ac- 
tually decreases above an nvt of about 2.6 x 1079 in 
tensile strength, until at a dosage of 30.5 x 10” 
neutrons/cm’, the tensile strength is only 20 per 
cent that of material in the unirradiated condition. 

3. There may be some evidence of dimensional 
change with irradiation. 

4. Cracks of unknown origin can sometimes be 
found in material experiencing a high burn-up. 

5. Microexamination shows that the irradiated 
material is subject to pitting upon etching, in the 
regions adjacent to the boride phase inclusions, in 
a direct relation to the amount of irradiation re- 
ceived. This results in a microstructure which ap- 
pears to containnumerous voids. This rapid etching 
constituent probably contains lithium, which forms 
with irradiation [B'%(n,q@)Li'] in and around the bo- 
ride-phase inclusions, and acts as a series of dis- 
continuities in the metal resulting in the erratic 
strength properties observed. 
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Irradiation of Stainless Steel 


The behavior of stainless-steel pressure 
vessels and thermal shields under irradiation 
is of vital interest to the design engineer. 
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Figure 10— Effect of irradiation on stress relaxation 
in type 304 stainless steel.”’ Note: The fast-neutron 
energy includes all neutrons having energies >0.1 
Mev; specimens are loaded in simple tension. 
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Figure 11— Effect of irradiation ontensile properties 
of type 304 stainless steel.”" 


Reference 27 presents stress relaxation data 
resulting from the irradiation of stainless-steel 
specimens loaded in simple tension prior to 
irradiation. Measurements were made on type 
304 stainless steel irradiated to three expo- 
sures, namely, 1.4 x 10°°, 4.1.x 10°°, and 9x 
10°° nvt. The results are shown in Fig. 10. 
Tensile properties were determined on other 
type 304 specimens irradiated to the same nvt. 
Specimens 0.125 and 0.500 in. in size were 
irradiated, and the data are shown in Fig. 11. 
Similar measurements were made on aluminum 
specimens, but no detailed data are presented. 
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PROGRESS ON SPECIFIC REACTOR TYPES 


PRESSURIZED-WATER REACTORS 








Operating Experience 
at Shippingport 


On Dec. 18, 1958, the Shippingport reactor 
completed the first year of operation asa power 
plant. The results of the first year of opera- 
tion and of the many physics and mechanical 
tests performed are given in a report by the 
Bettis Atomic Power Division of Westinghouse 
Electric Corporation.! During the first year, 
approximately 3000 effective full-power hours 
(EFPH) was accumulated, of which 2000 hr was 
at steady-state operation at full power. The 
experience to date has indicated that the reac- 
tor performs within the expected design limits. 
The report contains considerable detailed 
information which will be of interest and value 
to those working in specific areas of water- 
reactor technology but which cannot easily be 
summarized. Some of the results of more gen- 
eral interest are summarized briefly below. 


Temperature Coefficient of Reactivity 


At the beginning of operation, the measured 
temperature coefficient of reactivity was —0.9 x 
10°‘ Ak/°F at ambient temperature and —2.9 x 
10~* Ak/°F at operating conditions, compared 
to the value of —2 x 107* Ak/°F used in design. 
At 1690 EFPH the temperature coefficient had 
decreased to about —2.1 x 1074 ak/°F, and at 
3000 EFPH it had become approximately —1.8 x 
10-4 ak/*F. 


Relative Power Distribution 


Throughout the core lifetime a shift in power 
distribution from the seed to the blanket has 
been anticipated. Table VIII-1 illustrates the 
expected and observed power distribution be- 
tween the seed and blanket regions. Although 
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the agreement is reasonable, the data indicate 
that the shift of relative power distribution 
away from the seed is not quite as large as 
anticipated. 


Table VII-1 SEED-BLANKET POWER DISTRIBUTION 





Core EFPH 
0 50 1000 2000 3000 








Predicted seed 47.1 48.4 46.3 44.0 42.6 
fraction, % 

Measured seed 45.7 48.7 46.0 44.0 
fraction, % 





Power Oscillations 


During an operational test at 330 EFPH, 
power oscillations between opposite quadrants 
of the core were observed and were attributed 
to the asymmetric spatial distribution of xenon. 
At 480 EFPH, a test was run to determine the 
extent and nature of the oscillations. These 
induced oscillations were found to be slightly 
divergent in nature and to have a period of 
about 24 hr with an amplitude of as much as 
20 per cent of rated power. Throughout most 
of the 1000-hr steady-state full-power test, 
spatial xenon oscillations of less than 5 per 
cent of rated power were present. These oscil- 
lations exhibited three characteristics: 


1. They developed spontaneously. 

2. At times the divergent trend changed to 
convergent, although on five occasions the use 
of control rods was required to suppress the 
divergent oscillations. 

3. The oscillations appeared to precess 
around the core as indicated by the develop- 
ment of both corner-to-corner and side-to-side 
oscillation. 
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Since the character of the xenon oscillations 
appears to be determined by the power level, 
temperature coefficient, reactor lifetime his- 
tory, and position of control rods, further study 
is under way to characterize the marginal 
stability condition which exists inthe PWR core. 


Reactivity Lifetimes 


The reactivity lifetime of the PWR core has 
been estimated to be about 6000 hr with an un- 
certainty of the order of +1000 hr. The ex- 
perimentally observed rate of reactivity loss 
during the first 1000-hr test (560 to 1690 EFPH) 
ranged between 0.88 and 1.15 per cent A& per 
1000 hr as compared to a computed rate of 0.95 
per cent Ak per 1000 hr. The range of experi- 
mentally observed rates of reactivity loss re- 
sults from uncertainties in the correction for 
samarium contribution and from differences in 
two methods of measurement: (1) periodic 
measurement of excess reactivity and (2) the 
change in critical height of the control-rod 
group used to compensate for burn-up. 


Fission-product Activities in Coolant 


The level of fission-product radioactivities 
in the coolant water of PWR has been observed 
to be somewhat higher than was anticipated 
from the uranium contamination of cladding and 
structural materials. This higher level of ac- 
tivity is taken to be indicative of one or more 
failed elements in thecore. Additional evidence 
of failed elements was deduced from peaking of 
specific activities of I'*! and I'** following re- 
actor start-ups and from the time required for 
long-lived fission products to reach a satura- 
tion value in the coolant. Although the FEDAL 
(failed-element detection and location system) 
gave qualitative indications of a failed element, 
it had not yet been checked out and therefore 
could not be relied upon at that time. 


Steam Generators 


Early in the operating program some dif- 
ficulty was experienced with one of the steam 
generators, but apparently it was corrected 
satisfactorily by a relatively small modifica- 
tion of the construction. An account of the dif- 
ficulty and corrective measures is given in the 
following quotation from the reference: 


During a hydrostatic test of the 1B loop in Feb- 
ruary 1958, a leak was discovered between the pri- 


mary and secondary sides of the heat exchanger. 
By using various nondestructive test methods, it 
was determined that two tubes in the second row 
from the top of the bundle were leaking. Defects 
were located between the secondary face of the inlet- 
end tube sheet and the first tube baffle. A Probolog 
instrument (eddy current testing device) was used 
to sample more than 100 tubes in each tube sheet. 
This revealed an additional 15 tubes with 25 per 
cent or greater wall-thickness defects. Sections of 
the leaking tubes and of three adjacent tubes were 
removed by internally cutting each tube in two 
places and removing the section through a second- 
ary-side handhole. 

Examination of the removed tube sections re- 
vealed that failure was caused by stress corrosion 
of unknown origin. It was theorized that a combina- 
tion of steam blanketing and boiler-water chemistry 
out-of-specification with respect to free hydroxide 
caused the failure. The free hydroxide resulted 
from boiler-water treatment, using sodium pyro- 
phosphate and sodium hydroxide. During initial 
plant operation, excessive blowdown was required 
to reduce silica concentration. Under this condition, 
boiler-water chemistry could not be maintained 
within limits at all times. Accordingly, two addi- 
tional risers of 2-in. schedule-80 pipe were in- 
stalled between the inlet tube sheet and the first 
existing riser to prevent steam blanketing and to 
eliminate chemical hideout (water out-of-specifica- 
tion). Two sampling lines were installed through a 
secondary-side handhole cover into the defective 
tube area to determine the presence of a steam 
bubble and chemical concentrations. Thermocouples 
were installed across the top of the tube sheet and 
in the shell area. Boiler sampling connections were 
modified to provide water samples from a point 
under the steam separators. Boiler-water chem- 
istry control was modified by using orthophosphates 
to maintain pH and phosphate concentration and to 
eliminate any possibility of free hydroxide. Also, 
the coordinated phosphate treatment was placed in 
effect, and boiler-water specifications have been 
consistently maintained without a trace of free hy- 
droxide since that time. With the exception of the 
additional risers, these same changes were made 
to the 1C steam generator. Subsequent operation of 
that unit indicated the presence of a steam bubble 
in the area where the tubes failed in the 1B steam 
generator. Therefore additional risers were in- 
stalled in the 1C unit, although no defective tubes 
were detected. Probolog surveys of the 1A and 1D 
steam generators (horizontal straight-tube type 
heat exchangers) did not reveal any design defi- 
ciency similar to that encountered in the 1B and iC 
steam generators (horizontal U-tube type heat ex- 
changers). 

Tube plugging operations were carried out on the 
1B steam generator on all tubes showing a 25 per 
rent or greater wall-thickness defect on the Probo- 
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log survey. Seventeen tubes were plugged, using 
tapered chrome-plated 304 stainless-steel plugs. 
An air test showed that the plugs in three of the 
five sectioned tubes were leaking. All plugs were 
removed and examined. It was determined that the 
plugs were not driven straight because of the ac- 
cessibility problem, that plugs were somewhat 
large for the tube opening, and that plugs were gal- 
ling on lips at the ends of the tubes. These lips 
were produced during manufacture of the steam 
generator by the swaging of tube ends to provide 
welding access, Subsequently the tube opening was 
reamed to the original tube diameter but not to the 
diameter existing in this section after expanding the 
tube into the tube sheet. A tube-plugging mockup 
was constructed that consisted of 27 short tubes in 
a 3-in.-thick stainless-steel-clad carbon-steel 
plate along with a sheet-metal head with openings 
that simulated the primary head of the heat ex- 
changer. Tapered plugs and blind nipples, which 
were installed by various means, were used to plug 
the tubes. After thermal cycling and hydrostatic 
testing, it was determined that the blind nipple was 
the most satisfactory means of blocking the tubes. 
Shaped like a test tube, the blind nipples were fab- 
ricated from 304 stainless steel and expanded in- 
side the tube in the area of the tube sheet. No dif- 
ficulty has been experienced with the 1B steam 
generator since the tubes were plugged and the ad- 
ditional risers were installed. 


Decontamination 


In the operation of water reactors it is pos- 
sible that contamination of the primary-coolant 
loop could seriously hamper contact type main- 
tenance. Since the alternative, remote main- 
tenance, is difficult and expensive, procedures 
for decontaminating equipment in place are of 
considerable importance. Reference 2 contains 
a collection of data on the subject of reactor 
and reactor-loop decontamination. 


The basic problem appears to be that of re- 
moving radioactive atoms from the film of 
corrosion products and wear particles that 
accumulate on the interior of reactor coolant 
piping. These materials adsorb ions from the 
coolant stream by means of valence forces, or 
they may exchange ions; magnetite (Fe(FeO,),), 
a corrosion product of steels, is thought to ex- 
change iron for metallic ions and hence can in- 
corporate radioactive material into the corro- 
sion film. 


The following techniques are possibilities for 
use in reactor decontamination. 


Film-stripping Agents 


If the corrosion-product film can be dissolved, 
the radioactive material can be loosened and 
transported to the ion-exchange beds for clean- 
up. Acids or alkaline reagents have been used. 
Since the film-stripping chemicals usually work 
best at a particular pH, amines are employed 
for both pH control and as a metallic ion com- 
plexing agent. The following list gives some of 
the film-stripping agents: 


Acidic Basic 
Sulfanic Hydrofluoric Fused sodium 
Sulfuric Oxalic hydroxide 
Phosphoric Citric plus sodium 
Nitric hydride 


Corrosion Inhibitor 


Polar organic compounds can be employed to 
protect the metal during decontamination. Hexa- 
methylenetetramine, tribenzylamine, and2- 
mercaptobenzothiazole have been used. 


Complexing Reagents 


Once a radioactive ion has been displaced 
from a surface, a complexing agent can be em- 
ployed to keep the ion in solution and prevent 
redeposition. Fluorides, carbonates, chlorides, 
phosphates, citrates, tartrates, EDTA, dieth- 
ylenetriamine, and nitrilotriacetic acid have 
been used. 


Oxidizing and Reducing Reagents 


These compounds are used to change the 
valence state of the adsorbed cations such that 
they are freed from the film and go into solu- 
tion. Hydrazine, hydroxylamine, sulfanic acid, 
and hypophosphorous acid are examples of re- 
ducing agents, and H,O,, potassium permanga- 
nate, and periodic acid have been used as 
oxidizers. 


Surface Active Agents 


To aid in “washing’’ contaminated oils and 
greases from coolant loops, commercial deter- 
gents have been used. 

Reference 2 gives a relatively large number 
of examples of the application of the above 
techniques to actual loops. The oxidizing solu- 
tions have been used to remove uranium and 
some fission products, and the reducing solu- 
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tions have been used for film removal. If the 
reactor is contaminated with uranium, fission 
products, and activated corrosion products, the 
oxidizing solution is used first and is followed 
by the reducing solution. The past attempts at 
decontamination have illustrated the fact that 
careful loop design and fabrication are im- 
portant since crevices and other stagnant areas 
in the piping yield “hot spots’’ that are difficult, 
if not impossible, to decontaminate. 

Physical decontamination was also discussed. 
Although brushing, sandblasting, and purging 
have all been used, the application of ultrasonic 
cleaning, coupled with chemical decontamina- 
tion, appears promising. This may have special 
application to the decontamination of hot spots. 

Reference 3 is a Geneva paper concerned 
with radioactivity levels in pressurized-water- 
reactor systems. The systems consisted of 
stainless- and carbon-steel plumbing with zir- 
conium cladding. Although the paper does not 
deal with decontamination as such, the corro- 
sion data presented are of interest in view of 
the previous discussion of the importance of 
corrosion products in adsorbing radioactive 
ions. The data were obtained from laboratory 
tests, in-pile loops, and actual reactor opera- 
tion. 

The behavior of insolubles and radioactive 
material in a recirculating system was found 
to be a dynamic process. Most ofthe insolubles 
were found deposited on surfaces in the system. 
Occasionally particles would enter the coolant 
stream, be transported a short distance “down- 
stream,’’ and be redeposited. In general, the 
long-lived radioactive materials were found in 
the insolubles, whereas the short-lived iso- 
topes tended to remain in solution. The effect 
of pH on release rate of corrosion products 
for carbon steel at 450°F was determined to 
be that shown in Table VIII-2. The corrosion- 
product activity attributable to various metallic 


ions was obtained by wipe samples from various 
parts of the system. The observed data are 
given in Table VIII-3. 


Table VIII-2 EFFECT OF pH ON RELEASE RATE 





Release rate, 


pH (room temp.) mg/(dm*)(month) 





8.1 to 8.7 2.6 
9.3 to 9.4 0.9 
10.2 to 10.3 0.8 
9.8 to 10.2 0.2 





Table VHI-3 OBSERVED CORROSION- PRODUCT 











ACTIVITY 
Nuclide System surfaces Fuel cladding 

Co 61.2 68.8 

Co® 5.8 6 

Cr® 0.1 0.003 
zr” 1.1 1.3 

Fe” 0.7 0.5 

He'8! 18.2 11.6 
Remainder 13.2 10.9 
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HEAVY-WATER REACTORS: 


DISTILLATION OF LIGHT WATER FROM HEAVY WATER 





In reactors employing water as a moderator 
and/or coolant, it is necessary to maintain the 
water at a level of purity that will ensure 
proper operation of the reactor. In addition, if 
heavy water is employed, the problem of con- 
trolling and removing light-water contamina- 
tion must be solved to maintain the high neutron 
economy associated with heavy-water operation. 
Reference 1 contains information on the detailed 
design of the moderator distillation system in 
use at the Savannah River Plant (SRP). A pre- 
vious issue of Power Reactor Technology’ has 
considered leakage problems associated with 
D,O reactors. 

In the operation of the SRP production reac- 
tors, moderator is circulated at the rate of 
30 gal/min through filters and deionizers to 
ensure removal of particulate matter and dis- 
solved material. Gases are removed by flow- 
ing helium over the moderator in a deaerator. 
After the moderator leaves the filter—ion- 
bed-degasser combination, a 7 gal/min side 
stream is sent to the distillation system. 

The distillation system consists of two 90- 
sieve-plate columns operated in series. The 
columns operate at 100 mm Hg abs. since the 
relative volatility increases with a decrease of 
temperature (and pressure). This pressure is 
not low enough to introduce a significant amount 
of entrainment in the system. The number of 
theoretical plates was calculated using equi- 
librium data for the system HDO-D,O, although 
H,O is present in the still inincreasing amounts 
toward the top of the rectifying section. The 
assumption of a two-component system actually 
results in an overconservative design, but not 
significantly so. The feed to the column is 
99.75 mole %D,O; the overhead leaves the 
column at about 85 mole % D,O, while the bot- 
tom composition is 99.77 mole % D,O. 


Table IX-1 DISTILLATION-PLANT DESIGN BASIS 








Parameter Design point 
Removal rate of H,O, lb/year 1200 
Feed location Bottom plate 
Pressure, mm Hg abs. 100 
Boilup, lb/hr 3000 
Drawoff, Ib/hr 1.5 
Reflux, lb/hr 2999 
Reflux ratio 1999 
Feed composition, mole % D,O 99.75 


Overhead composition, mole % D,O 85.0 





The design basis for the distillation plant is 
shown in Table IX-1. The columns have pro- 
vision for alternate feed points at higher plates, 
but, at present, only feed to the bottom plate 
(the reboiler) is utilized. 

Tritium is also present in the moderator due 
to neutron capture bydeuterium. Relative vola- 
tility data for HTO in D,O-H,O mixtures are 
reported in reference 1. 

The distillation system is also operated as a 
batch system. When the system is used batch- 
wise, it processes the overhead product that 
accumulates during continuous operation for 
light-water removal. The overhead resulting 
from batch operation contains 45 mole %D,O 
and is sent to a separate reconcentration plant. 

The report contains no cost data for the con- 
struction and operation of the distillation plant. 
This is not too serious, however, since the 
equipment used is described in considerable 
detail. 
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Scope of Program 


In the Army Gas-cooled Reactor Systems Pro- 
gram (AGCRSP) being developed by Aerojet- 
General Nucleonics, the first experimental re- 
actor is the Gas-cooled Reactor Experiment 
(GCRE-1I). The GCRE-I is under construction 
at the National Reactor Testing Station in Idaho 
and is expected to go critical in November 
1959. As reported in the previous quarterly 
(Power Reactor Technology, 2(3): 61 (June 
1959)), the 2.2-Mw reactor is cooled with ni- 
trogen at 200 psig and the leaving gas tem- 
perature is 1200°F. The first GCRE-I reactor 
core will use concentric fuel elements of a 
highly enriched UO,-—stainless-steel matrix 
which is also clad in stainless steel. Extensive 
development for the first GCRE-I core has 
been done, and backup fuel designs are being 
developed at the same time. 


The GCRE-II is an advanced backup reactor 
system for the GCRE-I. The major difference 
between the two is that model I is a water- 
moderated heterogeneous reactor and model II 
is a graphite-moderated solid homogeneous 
reactor. Core design studies have been made 
for this advanced design, and some experi- 
mental work has been initiated for fuel de- 
velopment. 


The Mobile Low-power Reactor Project (ML- 
1), formerly known as the Portable Gas-cooled 
Reactor Project (PGCR), is directed toward 
constructing a prototype field power-generating 
unit by April 1961. The design will utilize the 
knowledge and experience developed by all 
previous programs, particularly the GCRE-I 
and the Gas Turbine Test Facility (GTTF). 


A parallel effort to the gas-cooled reactor 
development is construction and operation of 
the GTTF. Information from this project will 
be combined with GCRE-I to make a complete 
power package. 


The AGCRSP was very recently declassified 


(March 1959) from its former Confidential 
status, and therefore the developmental re- 


sults from the program will now be more 
generally available. 

Highlights of the fuel development program 
will be given particular attention in this review. 
The AGCRSP program includes extensive fuel- 
fabrication development and operational testing 
conducted both in-pile and out-of-pile. 


GCRE-I Reference Fuel Design 


The GCRE-I reference fuel-element develop- 
ment is nearly complete, and the production of 
the element is in its final stages. The develop- 
ment program for this element included insula- 
tion tests, fabrication method development, 
heat-transfer experiments, a trial extruded 
element, an evaluation of a Martin element, and 
in-pile tests. The Materials Development Pro- 
gram for the GCRE-I element, conducted by 
Battelle Memorial Institute, is also near com- 
pletion. 

The reference fuel-element design consists 
of four concentric fuel cylinders or “plates.’’ 
Each of these plates consists of enriched UO, 
dispersed in a stainless-steel matrix clad in 
type 318 stainless steel. Structural support of 
the assembly is provided by stainless-steel 
end-support structures and intermediate 
spacers. Methods of fabricating these inter- 
mediate spacers are still being developed. The 
outside diameter of the element is 1.426 in., 
and the active length is 28 in. 

The use of uranyl nitrate instead of UO, in 
the stainless-steel cermet matrix appears to 
have advantages and will be evaluated by a 
capsule test and a fuel element now being pre- 
pared. These will be irradiated inthe Materials 
Testing Reactor (MTR) and Battelle Research 
Reactor (BRR), respectively. 


Heat Transfer and 
Pressure Drop Test 


An unclassified report (IDO-28534) presents 
results of heat-transfer and pressure-drop 
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tests for turbulent flow of pressurized nitrogen 
in concentric plates resembling the GCRE-I 
reference fuel bundle. Results are also given 
for tests with eccentric positioning of the plates. 
The test section used two tubes which were 
heated electrically and were separately con- 
trolled. The inner-tube outside diameter is 
1.018 in. The inner diameters of the two outer 
tubes used, one at a time, are 1.60 and 1.468 
in., respectively. With the small outer tube, 
the gap width is 0.071 in., and, with the large 
outer tube, the gap width is 0.225 in. The tubes 
were aligned in various positions with adjust- 
ing screws. The range of Reynolds numbers 
covered was from 10,000 to 52,800. Maximum 
surface temperature tested was 1149°F; maxi- 
mum gas temperature, 626°F; maximum heat 
flux, 37,100 Btu/(hr)(sq ft). 

The summary results are as follows: 

1. For a symmetrically heated annulus, the 
following equation correlates the data to +15 
per cent: 


St = 0.025 Re~**? pr (Tz/ Ty)? 


The Reynolds number is based on the hydraulic 
diameter, and all fluid properties are evaluated 
at the average mixed-mean fluid temperature. 
The temperature ratio is a correction for 
temperature-dependent fiuid properties. The 
diameter ratioin the range of the tests (D,/D; = 
1.14 and 1.44) appears unimportant. 

2. The data showed a strong influence of 
heat-fiux asymmetry on the heat-transfer coef- 
ficients in annuli. The asymmetric data are 
correlated by: 


St annulus asymmetric =f Stannulus symmetric 
The correction factor, f, is a function of (q*, 
Re, Pr), where gq* is the ratio of the flux at the 


inner surface to that at the outer surface. 
For the inner element: 


i ~1=- q%/q* 
For the outer element: 

 - es 
‘oe 1+) 


A plot of g*, as determined by Stein, is given 
in Fig. 11 of IDO-28534. 


The maximum value off, tested was 1.24, 
which resulted from a ratio of heat flux on the 
inner surface, q; > to heat flux on the outer 
surface, q,’, of 10.2. Other values which indi- 
cate the significance are as follows: 


f; Ie 


a 


q?/q” 


1.24 10.2 
1.05 0.94 1.25 
0.65 1.14 0.398 
0.80 1.11 0.53 


3. The data for friction factor are correlated 
by 


fannulus = 9-051 Re~?-2 (T,/T 


This equation gives friction factors 10 per cent 
larger than the usual tube correlations. In the 
above equations the fluid properties are to be 
evaluated at the average value of the mean fluid 
temperatures. 

4. The effect of eccentricity on circumferen- 
tial wall temperature variation may be con- 
servatively estimated by: 


(‘max fer) 7 ( i: es tes) 
6 rE -3 @ 
x x 
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Small eccentricities (up to 16 per cent) appear 
to have no significant effect on the average heat- 
transfer coefficients or friction factors. 

The ratio of peak surface temperature to 
average surface temperature was definitely in- 
fluenced by position along the tube, the effect 
at the inlet being slight and increasing toward 
the outlet. This tends to show that the gas does 
not completely mix but tends to stratify. 


In-pile Test of GCRE-I 


Concentric Fuel Element 


A reference design fuel element was irradi- 
ated in the BRR loop for 1182 hr at 1400°F and 
at GCRE-I gas atmosphere and pressure. The 
heat-transfer coefficients measured for in-pile 
tests agreed closely with out-of-pile heat- 
transfer measurements. The analytical calcu- 
lations also predicted measured temperatures 
closely. Postirradiation examination of this 
element showed some bowing of fuel plates (up 
to /, in. at the plate ends). 
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Another in-pile test was made onthe behavior 
of a reference fuel element under thermal 
cycling. The thermal cycling was performed 
by varying the coolant flow rate, resulting in a 
cycle between 700 and 1600°F of about 90 sec 
duration. The hot-cell examination of this ele- 
ment showed that all but one of the plates had 
bowed. The bowing was as much as *% in. and 
was again primarily at the plate ends, i.e., the 
center 6 to 12 in. of the plates showed no 
bowing. 


Backup Fuel Design for GCRE-I 


A backup fuel-eiement design for the GCRE-I 
project is being developed as a parallel effort. 
This design consists of highly enriched UO, 
pellets contained in a long tubular pin type can. 
The design requires that 19 of these pins be 
arranged on a hexagonal lattice to form an ele- 
ment. Parametric studies were made to opti- 
mize the neutronics, heat-transfer, fluid-flow, 
and mechanical requirements. These analytical 
studies are supported by fabrication develop- 
ment. Models of the element were made to 
study the support structure, spacer design, and 
methods of reducing the fabrication costs. 
These models were also used in fluid-flow tests 
to measure the pressure drop due to various 
types of spacer and pin arrangements. Metallic 
models were also used for studying mechanical 
stability under thermal cycling. 

This backup fuel-element program includes 
the materials evaluation study of nickel-based 
alloys discussed below. In addition tothis study 
of potential canning materials, capsule tests of 
UO,-clad pins are being prepared for in-pile 
irradiation. Ultimately, the backup fuel design 
will be further studied by several in-pile loop 
tests in the BRR. 

A major factor that will limit the lifetime of 
this type of fuel design is expected to be the 
splitting of fuel pin jackets as a result of pres- 
sure build-up within the pins due to gaseous 
fission products. The AGCRSP design calcula- 
tions are being based on 4 per cent release of 
gaseous fission products for an estimated 
2500°F UO, temperature. 


Materials Evaluation 


Gas corrosion screening tests have been per- 
formed on five nickel-basedalloys. These tests 


were performed at 1750°F in a flowing gas 
atmosphere of 99.5 per cent nitrogen and 0.5 
per cent oxygen at a dew point of —30°F (or 
below) at 200 psi for 1000 hr. An adherent 
oxide film protected the alloys from severe at- 
tack. Most severely attacked were Carpenter 
20-—Cb alloy parts used as shims to center the 
specimens. 

The performance of the alloys (except Inconel, 
which showed considerable weight gain) in the 
tests makes any choice difficult. All suffered 
comparatively minor attacks (although the sub- 
surface has not been examined). Evaluation of 
the loss of oxide coating during wire brushing 
was inconclusive, although Inconel 702 and the 
Hastelloys appear to retain the coating best. 
Metallographic examinations and microhard- 
ness traverses are currently in progress. 

Creep-rupture screening tests also have been 
performed on six nickel-based alloys. These 
tests were performed at 1750°F in an air at- 
mosphere. These tests were run for various 
times, and the longest test lasted 50 hr. These 
tests show that Inconels ali lack strength at 
1750°F compared to Hastelloy X or Hastelloy 
R-235. Hastelloy 8286 (Inor 8) lacked outstand- 
ing elevated-temperature strength. Specimen 
rupture would have occurred in most instances 
where Inconels were involved had the test 
continued. 

These tests were performed to select com- 
mercial alloys with superior strength and cor- 
rosion resistance under the conditions men- 
tioned above. Three alloys have been selected 
on the basis of these tests: Hastelloy X, 
Hastelloy R-235, and Inconel 702. Although 702 
showed inferior strength characteristics, itwas 
retained because of its reputation for superior 
resistance to oxidation at high temperature. 
This characteristic would be important if air 
were to be used as the coolant for GCRE-I 
operation. 

The three alloys selected will be subjected 
to a 10,000-hr gas corrosion test under the 
conditions described above. Longer creeptests, 
1000 to 3000 hr, will also be performed in air 
at 1750°F. 


In-pile Insulation Material 
for GCRE-I 


The GCRE-I design utilizes a thermal insula- 
tion between the high-temperature coolant gas 
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and the H,O moderator. Available high-tem- 
perature insulations were investigated, and 
two were selected for testing: Refrasil (acloth) 
and Thermoflex (a felt). Tests included cyclic 
soaking, drying, exposure to high temperature 
(1300°F), and irradiation. Neither material was 
seriously affected in its mechanical strength or 
insulating properties, and either should perform 
satisfactorily for the anticipated GCRE-I oper- 
ating conditions. Thermoflex was selected for 
fuel-tube insulation, but Refrasil will be used 
elsewhere in the reactor. 


GCRE-II Fuel Design 


The GCRE-II “solid homogeneous’’ reactor 
reference design uses a graphite fuel element 
containing about 7 wt.% dispersed UO,. The 
elements are hexagonal in form with %-in. 
holes spaced approximately 1 in. apart. The 
hexagonal element is 3 in. across flats, 32 in. 
in active length, and contains 19 coolant tubes. 

The element is coated with silicon carbide 
and is canned in a nickel-based alloy. The 


technique of coating and cladding is to assure 
compatibility with the coolant and fuel and pro- 
vides a double barrier against fission-product 
release to the coolant-gas stream. 

A preliminary design study was made to 
determine the compatibility of the fuel-element 
materials and to determine the optimum fuel- 
element characteristics. Current materials in- 
vestigations consist of in-pile capsule tests and 
conventional out-of-pile materials testing. 
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The Turret Experiment 


The Turret Project is a proposed joint project 
of the Los Alamos Scientific Laboratory and 
the Sandia Corporation.' The project in gen- 
eral is designed to obtain information neces- 
sary to evaluate a reactor concept wherein a 
gaseous coolant is circulated over unclad fuel 
elements. It is proposed to construct a 3- 
Mw(t) helium-cooled reactor employing prin- 
cipally graphite as a structural material, as 
moderator, and for fuelelements. Fission prod- 
ucts released to the gas stream are to be con- 
tinuously removed by charcoal adsorption beds. 

The reactor core takes the form of a hollow 
right-circular cylinder with a hole running 
axially through it. A number of channels run 
radially from this hole to the outside edge of 
the core, and in these channels the uranium- 
impregnated graphite fuel elements are placed. 
The coolant enters the core at its axis, flows 
through the fuel-element channels, and exits at 
the periphery; the flow is then through a re- 
cuperator, a helium-to-helium heat exchanger, 
and a blower. 

The project gets its name, turret, from the 
refueling technique. For refueling, the whole 
core is rotated on its axis to align the fuel- 
element channels with a refueling machine, 
which is stationary. The machine then pushes 
fresh slugs, which are hollow cylinders, into 
the channel and displaces spent fuel slugs into 
a chute placed in the axial hole in the core. 
The proposed facility will have a small fuel 
reprocessing cave associated with it to ac- 
complish some simplified fuel processing. 

The specific objectives of the project are 
concerned with the following study areas: 


Gas Cleanup 


The removal of volatile fission products from 
the circulating coolant by means of adsorption 
is a key feature of the plant. Although the 
basic principles of charcoal adsorption are well 
understood, there are many difficult engineer- 


ing problems remaining, particularly in the 
field of bed regeneration and subsequent waste 
disposal. 


Equipment Contamination 


Operation with unclad elements poses prob- 
lems in operation and maintenance of equipment 
in the primary-coolant loop. Fission products 
volatilized in the core will condense or decay 
to nonvolatile elements and yield contaminated 
piping, blower, valves, etc. It is expected that 
much valuable information on operation and 
maintenance of contaminated equipment could 
be obtained from the relatively small-scale 
unit. 


Fuel Manufacturing 


The demonstration of the use of impregnated 
graphite fuel elements as fuel in a reactor 
represents an additional objective of the pro- 
gram. (Graphite-uranium fuel elements were 
discussed at some length in Power Reactor 
Technology, 2(3): 40-47 (June 1959).) 


Fuel Reprocessing 


The demonstration of a method for fuel- 
element processing is another purpose of the 
project. Present plans call for calcining the 
discharged fuel elements followed by dissolu- 
tion in acid. A simple peroxide precipitation 
then acts to separate uranium from most of the 
fission products. The uranium is then recycled 
into new fuel elements without further decon- 
tamination. 


Rotating Core 


The rotating core and the refueling ma- 
chinery are novel parts of the reactor and re- 
quire demonstration. Section VI contains in- 
formation on reactor refueling, and the proposed 
turret technique can be compared with methods 
discussed there. 

The equipment, site, and erection costs are 
estimated to be about $4.6 million, with detailed 
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Table XI-1 
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DESIGN DATA FOR THE PROPOSED TURRET PROJECT REACTOR 





Reactor power 

Core: 
Configuration 
Material 
Dimensions 


Weight 

Number of fuel channels 

Channel dimensions 
(nominal) 

Radial channels per 
layer 

Vertical layers at 3 in. 
on centers 

Critical core fuel 
loading (approx.) 

Attainable core fuel load 

Fuel elements: 
Configuration 
Material 


Dimensions 


Weight: 
Unloaded 
Loaded —critical 
(solution impregnated) 
Loaded — maximum 
{solution impregnated) 
Number per channel 
Total number in core 
Heat-transfer coefficients: 
Hole 
Annular 
Temperature: 
Average 
Maximum 
Maximum stress 


Power per sq in.: 
Hole average 
Hole maximum 
Annulus average 
Annulus maximum 


Reflector material 


Insulation material 


3 Mwi(t) 


Hollow circular cylinder 

Graphite, p = 1.7 

12% in. ID by 74 in. OD 
by 40 in. high 

9260 Ib 

312 

1.10 in. dia. by 30.75 in. 
long 

24 at 15° 


13 
8 kg 235 
15 kg u% 


Hollow circular cylinder 

Graphite, p = 1.65 
(impregnated with 
235) 

'/ in. ID by 1 in. OD by 
5.875 in. long 


93.6 g 
99.43 g 


104.23 g 
5 


1560 


118 Btu/(hr)(sq ft)(°F) 
44 Btu/(hr)(sq ft)(°F) 


2700°F 

3355°F 

300 psi tangential ten- 
sion at inner surface 


119.5 watts/sq in. 

153.0 watts/sq in. 

44.5 watts/sq in. 

57.0 watts/sq in. 

4 in. graphite, p ~1.7; 
12 in. carbon, p ~1.7 

17 in. (av.) of porous 
carbon (type 60, 
National Carbon 
Company) 











Pressure vessel: 
Configuration 
Size 
Wall thickness 
Weight 
Material 
Design temperature 
Design pressure 
Test pressure 

Safety rods: 
Configuration 
Number: 

Main 
Secondary 
Composition: 
Poison 
Base rod 
Total rod worth: 
Main 
Secondary 
Withdrawal rate: 
Main 
Secondary 
Weight: 
Main 
Secondary 
Scram time (all) 
Coolant: 
Type 


Volume (total in primary 


loop at operation 
conditions) 

Flow 

Effective active system 
volume 

Particle flow rate 

Temperatures: 
Reactor inlet 
Reactor outlet 
Recuperator inlet 
Recuperator outlet 
Heat-exchanger inlet 
Heat-exchanger outlet 
Blower 


Second-pass recuperator 


inlet 


Second-pass recuperator 


outlet 


Operating pressure at rated 


power outlet 


Pressure drop around loop 


Pumping power 
Heat flux: 


Maximum /average ratio 


Spherical 

i2 ft 4 in. OD 

2 in. 

37,000 lb 

Carbon steel SA-212 
400°F 

500 psig 

750 psig 


Cylindrical rods 


1 
8 


Sintered B,C 
Carbon 


4—6% ink 
5% in k. (4 rods) 


40 in./min 
40 in./min (sequenced) 


30 lb 
25 Ib 
<1 sec 


Helium 
770 cu ft 


10,250 lb/hr 
96.1 cu ft; 10.14 lb 


3.546 sec/circuit 


1600°F 
2400°F 
2400°F 
1600°F 
1600°F 
800°F 
800°F 
800°F 


1600°F 
500 psi 


4 psi 
35 horsepower 


1.28 
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design costing about $1 million. Start-up is 
presently proposed to be in late 1961. Table 
XI-1 gives pertinent design data for the reactor. 


Moderator -controlled 
Pressurized-water Reactor 


The possibility of controlling excess reac- 
tivity in a nuclear reactor by adjusting the 
effective moderator density has been examined 
by W. J. Levedahl.? As considered in the study, 
this method of reactor control provides voids 
in the core and reflector, in which the water 
content may be varied to adjust the neutron age 
and the geometric buckling. For the particular 
case considered, the criticality equation may 
be approximated as 


Tw (2.405)? 


Wor +. br)? (1) 


Ro —1=B'*t= 


on the basis of the following conditions: 

1. The cylindrical reactor core is of small 
diameter and sufficient length so that the axial 
buckling may be neglected. 

2. Neutron slowing down in structural ma- 
terial may be neglected. 

3. The reactor has a heavily loaded fully 
enriched core so that the thermal-diffusion 
length is small in comparison to the slowing- 
down length, and the effects of changing water 
content on resonance escape and thermal utili- 
zation are small. In Eq. 1 (where tT, is the 
neutron age in cold water) the water fraction 
W, the water density p (which is expressed as 
a fraction of the cold density), and the effective 
radius (actual radius ry plus the reflector savings 
6r) appear as squared terms and will therefore 
have a large effect on the reactivity. The total 
effectiveness of this method of control may be 
increased by increasing the volume fraction of 
control void or by decreasing the radius (r) of 
the reactor core. In the reference design of a 
reactor of 35 cm radius and control-void vol- 
ume fraction of 31 per cent, a total Ak of 27.4 
per cent in control was potentially available in 
the hot (520°F) condition. 

By filling the control-void channels in the 
reflector and outer core region only, the non- 
uniform moderator distribution results in an 
appreciable radial power flattening in the core. 
When the core was arbitrarily divided into two 
regions at a radius of two-thirds that of the 


outer radius and the amount of water in the 
void channels was preferentially varied, radial 
peak-to-average flux distributions ranging from 
1.1 to 1.6 were obtained. 

In a reactor utilizing this method of control, 
it is necessary that the core geometry be such 
that the thickness of the fuel region is small 
compared to the thermal-diffusion length so as 
to minimize the local flux peaking. The refer- 
ence report indicates that geometrical arrange- 
ments are possible which will yield a local 
flux-peaking factor of less than 1.1. In the 
event of an accidental filling of a control chan- 
nel in a region where all other control channels 
are empty, a maximum local flux-peaking fac- 
tor of about 1.4 could result. 

The possibility of reactor control by the 
controlled introduction of void in the moderator 
has been a subject of speculation in the past. 
In the form studied in reference 1, the method 
applies only to those specialized reactors which 
can tolerate a high fractional leakage of neu- 
trons. The reactor cited as an example has a 
very high length/diameter ratio (67.4 in. long 
by 27.6 in. in diameter), evidently for the pur- 
pose of incorporating the necessary volume to 
make possible a specified power capability and 
at the same time yielding a high neutron- 
leakage fraction. In reactors employing slightly 
enriched fuel, the change in moderator content 
would affect also the resonance capture of ue 
and by virtue of this effect the system could be 
applied also to low-leakage reactors, provided 
the moderator voids could be introduced in 
sufficiently close proximity to the fuel. 

It has usually been considered that the value 
of a void-control scheme depends crucially on 
the practical problems that may be encountered 
in its application to a reactor; consequently it 
is not possible to evaluate the promise of the 
particular scheme considered in the reference 
until details of its engineering design become 
available. 
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